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Anterior cingulate cortex (ACC) is a nexus of information processing
and regulation in the brain. Reflecting this central role, ACC is
structurally and functionally heterogeneous, a fact long appreciated in
studies of non-human primates. Human neuroimaging studies also
recognize this functional heterogeneity, with meta-analyses and task-
based studies demonstrating the existence of motor, cognitive and
affective subdivisions. In contrast to task-based approaches, examina-
tions of resting-state functional connectivity enable the characterization
of task-independent patterns of correlated activity. In a novel approach
to understanding ACC functional segregation, we systematically
mapped ACC functional connectivity during rest. We examined
patterns of functional connectivity for 16 seed ROIs systematically
placed throughout caudal, rostral, and subgenual ACC in each
hemisphere. First, our data support the commonly observed rostral/
caudal distinction, but also suggest the existence of a dorsal/ventral
functional distinction. For each of these distinctions, more fine-grained
patterns of differentiation were observed than commonly appreciated in
human imaging studies. Second, we demonstrate the presence of
negatively predicted relationships between distinct ACC functional
networks. In particular, we highlight negative relationships between
rostral ACC-based affective networks (including the “default mode
network”) and dorsal–caudal ACC-based frontoparietal attention
networks. Finally, interhemispheric activations were more strongly
correlated between homologous regions than in non-homologous
regions. We discuss the implications of our work for understanding
ACC function and potential applications to clinical populations.
© 2007 Elsevier Inc. All rights reserved.
Keywords: Brain mapping; Resting state networks; Intrinsic functional
activity; Anticorrelation
Central to a broad array of cognitive, sensorimotor, affective
and visceral functions, the anterior cingulate cortex (ACC) has
emerged as a locus of information processing and regulation in the
brain. These roles befit its central anatomic location and diverse
cortical, limbic and paralimbic connections. Though classically
designated as a single region, animal studies (Devinsky et al.,
1995; Öngür et al., 2003; Paus et al., 1996), as well as human
morphometric studies (Huster et al., 2007; Paus et al., 1996; Vogt
et al., 1995), have long demonstrated that ACC can be
differentiated into functionally and structurally distinct subregions.
Neuroimaging and neuropsychological studies in humans are
beginning to recognize these distinctions (Barch et al., 2001;
Braver et al., 2001; Bush et al., 2000; Derbyshire et al., 1998;
Gusnard et al., 2001a; Kiehl et al., 2000; Milham and Banich,
2005; Paus, 2001; Paus et al., 1998; Turken and Swick, 1999; van
Veen and Carter, 2002a; Vogt et al., 1996).
In an early effort to delineate ACC functional subdivision in
humans, Picard and Strick conducted a meta-analysis of human
PET studies in light of findings of motor cortex segregation
observed in animals (Picard and Strick, 1996). By defining as
simple tasks those that were basic and rote, and as complex those
that required additional cognitive or motor demands, the authors
found that rostral ACC was activated in response to complex tasks
and that caudal ACC was activated during simple tasks. Similar to
the findings of animal studies (e.g., Devinsky et al., 1995), there
was some evidence that the two divisions are somatotopically
organized with respect to output modality. The authors also noted
that rostral ACC was activated in conjunction with prefrontal
cortex during complex tasks.
In a subsequent meta-analysis of human PET studies, Koski and
Paus identified regions within the frontal cortex that were co-
activated with distinct ACC subdivisions across a range of tasks
(Koski and Paus, 2000). Consistent with a cognitive/affective
distinction suggested by animal studies, they found that the middle
frontal gyrus was more frequently co-activated with supracallosal
ACC, while the medial orbitofrontal gyrus was more frequently co-
activated with the subcallosal ACC. Dorsal portions of the supra-
www.elsevier.com/locate/ynimg
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callosal ACC were consistently co-activated with dorsolateral
prefrontal regions, suggesting a greater involvement in complex
cognitive operations. Finally, the caudal ACC co-activated with
primary and supplementary motor areas, suggesting the presence of
cingulate motor areas.
The aforementioned meta-analyses have not been uniformly
supported by task-related fMRI studies. Specifically, when Barch
and colleagues compared activations related to vocal and manual
responses in the spatial and verbal domains, they did not observe
subdivisions in ACC corresponding to the different response
domains (Barch et al., 2001). On the other hand, the segregation of
ACC into affective and cognitive subdivisions has been largely
supported by fMRI studies demonstrating the presence of rostral
and caudal distinctions, respectively (Bush et al., 2000; Haas et al.,
2006; Kiehl et al., 2000; Milham and Banich, 2005; Van Veen and
Carter, 2002b).
While task-related fMRI has been useful in mapping these broad
ACC subdivisions, it has been limited in affording greater regional
specificity. Various cognitive processes have been ascribed to ACC,
such as conflict monitoring (Botvinick et al., 2004; Carter et al.,
1998), error monitoring and detection (Gehring and Fencsik, 2001;
Gehring and Knight, 2000; Holroyd et al., 1998; Lorist et al., 2005),
response selection (Awh and Gehring, 1999; Milham et al., 2001;
Paus, 2001; Paus et al., 1993), and attention control (Crottaz-
Herbette and Menon, 2006; Peterson et al., 1999; Posner and
Dehaene, 1994; Posner et al., 1997). However, investigators have
noted the sensitivity of ACC activations to task parameters such as
stimulus presentation rate (Bench et al., 1993), stimulus novelty
(Petersen et al., 1998) and practice effects (Kelly andGaravan, 2005;
Milham et al., 2003).
The application of correlational analyses to resting state fMRI
data enables the characterization of task-independent patterns of
functional connectivity during rest (Biswal et al., 1995). This
analytic approach has demonstrated that functionally relevant
patterns of activity, commonly observed during task performance,
are intrinsically represented in spontaneous brain activity (Beck-
mann et al., 2005; Damoiseaux et al., 2006; De Luca et al., 2006;
Fransson, 2005; Greicius et al., 2003). A recent study by Fox et al.
(2006) demonstrated the utility of resting state approaches in
mapping neural systems, successfully differentiating the dorsal and
ventral attentional systems, two functionally related but distinct
networks.
The present work extends this approach to the mapping of
functionally distinct subregions of ACC, a functionally and struc-
turally complex region. More specifically, we conducted an
unbiased study of functional connectivity in ACC at rest using
Fig. 1. Data analysis path. Overview of processing steps involved in preprocessing, time-series extraction, and statistical analyses. Note: preprocessed functional
data interpolated to 1×1×1 mm in MNI space for time-series extraction in order to increase spatial accuracy of seed placement along inferior and superior ACC
curves.
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Right versus left hemispheres
Right and left hemispheres showed highly similar patterns of
anterior cingulate connectivity [for left hemisphere connectivity
maps, see Supplementary Figs. 1–3]. Correlation analyses
examining the relationships between right and left hemisphere
seeds suggest that the similarity in patterns of functional connec-
tivity is a reflection of the highly similar spontaneous activity
Fig. 3. Functional connectivity in right anterior cingulate cortex (surface maps). Bottom right corner: anterior cingulate cortex (ACC) was seeded at 16
coordinates along two separate rows. Inferior seeds (i1–i9) are located 5 mm from the corpus callosum starting at y=−10 mm and spaced 10 mm apart along the
curve parallel to the corpus callosum. Superior seeds (s1–s7) are located 15 mm from the corpus callosum along the radial axis from each of the first seven
inferior seeds. Main: cortical surface maps were created using the 16 right hemisphere seeds of the positively (red) and negatively (blue) predicted voxels for
each inferior (left column) and superior (right column) seed (pb0.05, corrected).
583D.S. Margulies et al. / NeuroImage 37 (2007) 579–588
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systematically spaced seeds throughout the caudal, rostral, and
subgenual regions of ACC in each hemisphere. Prior efforts to
provide a comprehensive examination of functional connectivity in
ACC using the task-based approaches have required the synthesis
of findings across multiple studies (e.g., meta-analyses). We
hypothesized that in a single study, systematic examination of
patterns of resting state connectivity would provide a more fine-
grained understanding of the well established rostral/caudal
distinction as well as more subtle regional differentiations (e.g.,




Twenty-four right-handed native English-speaking participants
were included in our study (15 m; 9 f; mean age: 27.8±8.0).
Subjects had no history of psychiatric or neurological illness as
confirmed by psychiatric clinical assessment. Signed informed
consent was obtained prior to participation. The study was
approved by the institutional review boards of the NYU School
of Medicine and New York University.
Data acquisition
A Siemens Allegra 3.0 T scanner equipped for echo planar
imaging (EPI) was used for data acquisition. For each participant,
we collected 197 contiguous EPI functional volumes (TR=
2000 ms; TE=30 ms; flip angle=90, 39 slices, matrix=64×64;
FOV=192 mm; acquisition voxel size=3×3×3 mm). Complete
cerebellar coverage was not possible for all subjects. During the
scan, subjects were instructed to rest with eyes open while the
word “Relax” was projected center-screen in white against a black
background. For spatial normalization and localization, a high-
resolution T1-weighted anatomical image was then acquired using
a magnetization prepared gradient echo sequence (MPRAGE,
TR=2500 ms; TE=4.35 ms; TI=900 ms; flip angle=8; 176 slices,
FOV=256 mm).
Image preprocessing
Data processing, as schematically shown in Fig. 1, was carried
out using FSL (www.fmrib.ox.ac.uk). Image preprocessing con-
sisted of: (1) slice time correction for interleaved acquisitions
(using Fourier-space time-series phase-shifting), (2) motion
correction (using a six parameter affine transformation implemen-
ted in FLIRT), (3) spatial smoothing (Gaussian kernel of FWHM
6 mm), (4) temporal high-pass filtering (Gaussian-weighted least-
squares straight line fitting with sigma=100.0 s), and (5) low-pass
temporal filtering (Gaussian filter with HWHM=2.8 s).
Functional connectivity: seed generation
The goal of the present study was to provide a systematic and
unbiased survey of functional connectivity of the anterior
cingulate. We created two parallel arrays of spherical seeds (123
voxels in 1×1×1 mm space, radius=3.5 mm) systematically
distributed throughout the anterior cingulate cortex in the following
manner: (1) the corpus callosum was traced on the standard 152
brain MNI template and fit with a quadratic function; (2) using the
callosal curve as a reference, two parallel curves were created
within cingulate cortex, one 5 mm above the callosal curve
(referred to as “inferior”) and the other 15 mm above the callosal
curve (referred to as “superior”); (3) 9 equidistant (10 mm distance)
points were calculated along the inferior curve starting at y=
−10 mm; and, (4) 7 points in the superior curve were calculated,
such that each lay along a radial from the inferior points [see Table
1]. One set of seeds was created for each hemisphere at x=±5 mm.
In order to obtain the time-series for each seed in each subject,
we (1) transformed the subject's time-series into MNI space using
a 12 DOF linear affine transformation implemented in FLIRT
(voxel size=1×1×1 mm) and (2) calculated the mean time-series
for each of the 16 mask-spheres (in each hemisphere) centered
around a seed coordinate.
Functional connectivity: statistical analysis
For each hemisphere, individual analyses were carried out on
all 16 seeds for each participant using multiple regression (as
implemented in FSL's FEAT). The regression model included the
16 ACC seed time-series as predictors as well as the nuisance
covariates (seed time-series for global signal, white matter,
cerebrospinal fluid, and six motion parameters). In order to ensure
that the time-series for each seed mask reflected its own unique
variance, each seed's time-series was orthogonalized with respect
to each of the other 15 ACC seeds and the nuisance covariates
using the Gram–Schmidt process (Aorth=A−B (A ·B) / (B ·B)) as
implemented in FEAT. The effectiveness of the orthogonalization
strategy was verified by examination of correlation matrices before
and after orthogonalization (see Fig. 2 for average before and after
correlation matrices). The individual participant analysis produced
subject-level maps of all positively and negatively predicted voxels
for each regressor.
Group-level analyses were carried out using a mixed-effects
model (FLAME) as implemented in FSL. Corrections for multiple
comparisons were carried out at the cluster level using Gaussian
random field theory (min ZN2.3; cluster significance: pb0.05,
corrected). This group-level analysis produced threshold z-score
maps of activity associated with each ACC seed.
Table 1
Coordinates for each of the right and left hemisphere seeds are given in
coordinates defined by the Montreal Neurological Institute stereotaxic space
Seed x y z
i1 ±5 −10 37
i2 ±5 0 36
i3 ±5 10 33
i4 ±5 19 28
i5 ±5 27 21
i6 ±5 34 14
i7 ±5 38 6
i8 ±5 34 −4
i9 ±5 25 −10
s1 ±5 −10 47
s2 ±5 2 46
s3 ±5 14 42
s4 ±5 25 36
s5 ±5 34 28
s6 ±5 41 21
s7 ±5 47 11
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We considered the possibility that orthogonalization of the
time-series for each of the seeds with respect to each other may
lead to underestimation of functional connectivity due to removal
of common variation. Accordingly, we repeated our analyses, with
each seed in a separate regression model (along with nuisance
covariates), rather than orthogonalized and entered simultaneously
into a single model as described above. Findings for analyses using
orthogonalized and non-orthogonalized seeds were highly similar,
with the most notable difference being higher degree of overlap in
patterns of functional connectivity for neighboring seeds in the
non-orthogonalized analyses (as would be expected given the
presence of correlations) (see Supplementary Figs. 4 and 5 for
examples of a single participant's data with and without
orthogonalization). Data reported here are from the initial analyses
for the right hemisphere, in which the seeds were modeled
simultaneously in a single orthogonalized model. Left hemisphere




Consistent with prior work, our analyses revealed marked
differences in functional connectivity along the rostral/caudal
dimension, though with a more gradual and complex pattern of
transition than commonly appreciated in human neuroimaging
studies. At the extremes, the inferior rostral seeds i5–i9 exhibited
consistent patterns of correlated activity with limbic and paralimbic
regions implicated in affective processes (e.g., amygdala, hippo-
campus, ventromedial prefrontal cortex and posterior cingulate
cortex), while caudal seeds (i1, i2, s1, s2) exhibited patterns of
correlated activity with fronto-parietal regions commonly impli-
cated in sensorimotor processes [see Figs. 3–5]. Intermediate seeds
showed greater functional connectivity with lateral prefrontal
regions associated with higher order cognitive functions (e.g.,
working memory, cognitive control), with superior seeds s3 and s4
correlating with dorsolateral and posterior inferior prefrontal
cortices and inferior seeds i3–i5 correlating with ventrolateral
prefrontal and lateral orbitofrontal regions.
Negatively correlated networks
Functional connectivity analyses also demonstrated marked
distinctions in negative relationships (“anticorrelations”) between
ACC and other brain regions, which varied systematically from
the rostral to caudal portions of ACC. The subgenual seeds i8
and i9, and superior rostral seeds s6 and s7 negatively predicted
activity within a number of posterior brain regions linked to
sensorimotor and attentional domains, including superior parietal
regions, portions of extrastriate and striate visual cortices, and
superior cerebellar regions (see Figs. 3–5). Centrally located
superior seeds s4 and s5 negatively predicted activity within
portions of the inferior temporal and medial temporal lobes
(hippocampus and amygdala). Anticorrelations for centrally
located inferior seeds were somewhat less extensive, primarily
limited to inferior parietal regions and, to a lesser degree, to
inferior temporal regions.
The extreme caudal seeds negatively predicted activity in many
of the same regions positively predicted by extreme rostral seeds.
More specifically, s1 and s2 negatively predicted activity in
ventromedial prefrontal cortex, rostral ACC, and posterior
cingulate cortex. In addition, they negatively predicted activity in
medial, superior cerebellar, extrastriatal, and superior parietal
regions. Finally, s1, which is correlated with motor cortices and
generally implicated in complex motor tasks, negatively predicted
superior cerebellar activity as well as portions of the basal ganglia
and thalamus. It is worth noting that the extensive pattern of
anticorrelated activity for seeds s1 and s2 was not noted in the
inferior i1 and i2 seeds. In fact, seeds i1 and i2 actually show a
pattern of positive co-activation extending through BA 24 into
some of the same rostral regions negatively related with the
superior seeds.
Subgenual
Examination of subgenual seeds i8 and i9 revealed an extensive
pattern of connectivity with orbitofrontal and striatal regions.
Connectivity for seed i9 was notably more extensive within
orbitofrontal cortex than i8, reaching inferior lateral portions as
well. In contrast to the supracallosal seeds, the subgenual seeds
also showed greater connectivity with posterior cingulate.
Fig. 2. Impact of orthogonalization on time-series correlations. Each seed's time-series was orthogonalized with respect to every other seed's time-series in a
given hemisphere. The mean correlation matrix for right hemisphere seeds (averaged across participants) is depicted before and after orthogonalization.
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Fig. 4. Functional connectivity in right anterior cingulate cortex (inferior seeds). Inferior right hemisphere (RH) maps of seeds i1–i9 are presented with positive
and negative correlations superimposed on three sagittal slices located at x=5, 30, and 50 mm, and nine axial slices at z=−25, −15, −5, 5, 15, 25, 35, 45, 55 mm
(pb0.05, corrected).
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Fig. 5. Functional connectivity in right anterior cingulate cortex (superior seeds). Superior right hemisphere (RH) maps of seeds s1–s7 are presented with positive
and negative correlations superimposed on three sagittal slices at x=5, 30, and 50 mm; and nine axial slices at z=−25, −15, −5, 5, 15, 25, 35, 45, 55 mm
(pb0.05, corrected).
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present in both hemispheres. As Fig. 6 shows, spontaneous activity
between contralateral (i.e., homologous) seeds was significantly
more highly correlated than between any other seed pairs.
Despite the high degree of hemispheric similarity, our analyses
do reveal some noteworthy distinctions. Negative relationships
were, in general, more dominant in the left hemisphere.
Specifically, the superior caudal-most seed of the left hemisphere
[see s1, Supplementary Figs. 1 and 3] had more robust antic-
orrelations with basal ganglia and medial prefrontal regions. The
right hemisphere had more anticorrelated activity in the rostral
seeds, specifically with thalamus and occipital cortices.
Discussion
Here we present the first attempt to systematically map
functional connectivity of ACC during the resting state. We
examined ACC connectivity at 10 mm intervals along two parallel
curves aligned with the corpus callosum and found progressive
shifts in ACC connectivity from point to point. This is one of the
first demonstrations of marked differences in the patterns of
functional connectivity over such small distances (Fox et al., 2006;
Vincent et al., 2006) within a functionally heterogeneous region
such as anterior cingulate cortex.
Although numerous functional imaging studies have drawn
attention to a rostral/caudal distinction in ACC function, our
findings revealed more fine-grained variations. Activity in the
caudal division of ACC was correlated with activity in sensor-
imotor circuits, while more rostral portions were correlated with
prefrontal regions. This distinction is in line with the findings of
previous studies that have suggested that anterior cingulate
organization takes into account “task complexity” with sensor-
imotor circuits being represented in the posterior portion of the
“caudal division” and higher order executive function circuits
being located in the more anterior aspects of the division. Between
rostral and caudal zones we observed transition regions, which
appear to be associated with a combination of ventral and dorsal
brain systems, possibly allowing for the integration of affective and
sensorimotor processes required for processes such as conflict
detection (Botvinick et al., 2004) and error monitoring (Gehring
and Knight, 2000).
Raichle and colleagues have drawn attention to a negative
relationship between areas supporting performance of a variety of
attentional functions (such as dorsolateral prefrontal cortex, caudal
ACC and superior parietal cortex) and rostral regions associated
with non-goal directed, stimulus-independent processes (a default
mode network, comprising ventromedial prefrontal, posterior
cingulate and lateral parietal cortices) (Gusnard et al., 2001a,b).
The present work provides further support for the existence of such
negative relationships, albeit with greater specificity. We observed
that the dorsal aspect of caudal ACC, which was positively
correlated with regions typically implicated in attentional processes
(e.g., dorsolateral and posterior inferior prefrontal cortices), was
negatively correlated with rostral ACC and other regions of the
default mode network including ventromedial prefrontal and
posterior cingulate cortices. Based upon prior anatomical and
functional studies, Koski and Paus (2000) suggested that the rostral
and caudal divisions can be delineated by the plane y=10. Our
analyses also suggested the presence of a delineation in proximity
of y=10, a portion of ACC which showed virtually no negative
correlations within or outside of ACC. Of note, the antagonistic
relationship between caudal and rostral ACC regions was limited
to the dorsal aspect of caudal ACC (s1 and s2). The i1 and i2 seeds
in caudal ACC actually showed a positive relationship with more
rostral portions of ACC, extending through BA 24 and into
subgenual cingulate. This positive link between caudal and rostral
divisions suggests the existence of a more complex relationship
than is commonly appreciated in discussions of the rostral/caudal
distinction. It also draws attention to a possible dorsal/ventral
functional distinction in supracallosal ACC, one which follows the
structural distinction between BA 32 and 24.
Several additional meaningful negative relationships were
noted between ACC subregions and a variety of other distributed
brain systems. Seed s1, which primarily correlated positively with
motor cortex, negatively correlated with subcortical circuits
including basal ganglia, thalamus, and cerebellum, possibly
reflecting its hypothesized role in the inhibition of prepotent
stereotyped responses (Paus, 2001; Paus et al., 1993). Rostral seeds
i4, i5, i6, i9, s6 and s7, while positively correlated with limbic and
paralimbic regions implicated in affective processing (Davidson
and Irwin, 1999), were negatively correlated with superior parietal
regions, which are involved in higher order cognitive processes
such as attentional control and working memory (Banich et al.,
2000; Carlson et al., 1998; Coull et al., 2003). These relationships
may delineate some of the circuits through which emotional and
cognitive processes interact.
Our findings also provide insights into the patterns of
functionally coordinated activity between the two cerebral hemi-
spheres. While some models of interhemispheric interaction
suggest that the cerebral hemispheres act independently of one
another (Zaidel and Clarke, 1990), we demonstrated the presence
of coherent fluctuations in homologous regions between hemi-
spheres. This finding is more consistent with models of interhemi-
spheric interaction that emphasize the parallel distributed nature of
Fig. 6. Correlations among contralateral seeds. Correlation analyses were
conducted between the time-series for right and left hemisphere seeds for
each participant (correlation for each right–left hemisphere seed pair,
averaged across participants, is depicted in figure). Maximal correlations
were noted for homologous right–left seed pairs. Of note, correlations
depicted in this figure were calculated using non-orthogonalized data.
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interhemispheric processing (Banich, 1998; Banich and Belger,
1990). Ongoing work is examining factors capable of modulating
such connectivity.
Beyond the potential benefits of examining functional connectiv-
ity in ACC and other heterogeneous regions, our approach provides a
systematic method for examining neural connectivity in various
clinical disorders. The mapping of functional connectivity may help
reveal the circuitry underlying deficits in cognitive and affective
control processes. Functional imaging during resting states also has
the advantage of bypassing potentially confounding issues relating to
ceiling, floor, and practice effects, which can be particularly
problematic for studies of psychopathology and development.
Though intriguing, examination of resting-state data alone does
have a notable limitation: multiple studies have shown that
functional connectivity can change during task performance (e.g.,
De Luca et al., 2005; Fransson, 2006). Additional work is needed
to further delineate the impact of task performance on patterns of
activity observed at rest. Furthermore, there is no reason to believe
that resting-state analysis does not face the same potential
limitations as task-related fMRI studies attempting to spatially
differentiate the ACC, namely, that of high inter-individual varia-
bility in ACC organization and connectivity (Paus et al., 1996).
However, as demonstrated in Supplementary Fig. 4, the patterns of
functional differentiation observed in our group analyses using our
seeding approach are relatively robust and detectable at the
individual participant level.
While we acknowledge that further subdivisions in ACC
beyond those identified in the present study may exist, our
selection of 10 mm spacing between seeds was based on the
commonly accepted notion that resolving brain regions beyond
8–10 mm with fMRI can be difficult. Similarly, different schemes
for distributing seeds throughout ACC can be derived—the one
used in the present study was designed to provide an objective,
unbiased survey, but was not intended to be definitive. An
additional limitation of the present study was that incomplete
coverage of the inferior portions of cerebellum prevented us from
potentially appreciating even more robust cingulate–cerebellar
interactions, which were clearly present for superior regions of the
cerebellum. Finally, it is worth noting that these results do not
address causality or hierarchy within any of the circuits identified.
Future work using methods such as path analysis or Granger
causality (Goebel et al., 2003) may serve to elucidate such
relationships.
In summary, the present study yielded a number of notable
findings: (1) patterns of ACC functional connectivity commonly
observed in neuroimaging studies were intrinsically represented in
resting state brain activity, (2) the functional connectivity maps
supported the commonly cited rostral/caudal functional distinction
and the need to appreciate a more fine-grained pattern of
differentiation in future studies, and (3) intricate negatively
correlated relationships between networks provide unique insights
into the functional segregation of ACC. Future work will focus on
similarly systematic examination of other brain regions and the
application of these systematic approaches to clinical populations.
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Classically regarded as motor structures, the basal ganglia
subserve a wide range of functions, including motor, cognitive,
motivational, and emotional processes. Consistent with this broad-
reaching involvement in brain function, basal ganglia dysfunction
has been implicated in numerous neurological and psychiatric
disorders. Despite recent advances in human neuroimaging, models
of basal ganglia circuitry continue to rely primarily upon inference
from animal studies. Here, we provide a comprehensive functional
connectivity analysis of basal ganglia circuitry in humans through
a functional magnetic resonance imaging examination during rest.
Voxelwise regression analyses substantiated the hypothesized
motor, cognitive, and affective divisions among striatal subregions,
and provided in vivo evidence of a functional organization consistent
with parallel and integrative loop models described in animals. Our
findings also revealed subtler distinctions within striatal subregions
not previously appreciated by task-based imaging approaches. For
instance, the inferior ventral striatum is functionally connected with
medial portions of orbitofrontal cortex, whereas a more superior
ventral striatal seed is associated with medial and lateral portions.
The ability to map multiple distinct striatal circuits in a single study in
humans, as opposed to relying on meta-analyses of multiple studies,
is a principal strength of resting state functional magnetic resonance
imaging. This approach holds promise for studying basal ganglia
dysfunction in clinical disorders.
Keywords: basal ganglia, caudate, fMRI, functional connectivity, nucleus
accumbens, putamen, resting state
Introduction
Classically regarded asmotor structures (Kemp and Powell 1971),
the basal ganglia have been implicated in a variety ofmotor-related
functions such as motor selection, preparation, and execution
(e.g., Gerardin et al. 2004). Consistent with this role, human lesion
studies and clinical studies of neurological populations such as
Parkinson’s disease, Tourette’s syndrome, and Huntington’s
disease have implicated basal ganglia dysfunction in motor
abnormalities such as rigidity, tremor, akinesia, choreiform
movements, and tics (Bhatia and Marsden 1994; Albin and Mink
2006; Montoya et al. 2006; Wichmann and DeLong 2006).
Nonhuman primate (Selemon and Goldman-Rakic 1985;
Alexander et al. 1986; Cavada and Goldman-Rakic 1991;
Middleton and Strick 2000b; Haber 2003) and neuroimaging
studies have suggested a broader conceptualization of the role
of the basal ganglia, implicating these structures in a diverse
array of executive/cognitive control (e.g., verbal and spatial
working memory, response inhibition, task switching, reason-
ing, and planning; Postle and D’Esposito 2003; Crottaz-Herbette
et al. 2004; Garavan et al. 2006; Monchi et al. 2006; Rubia et al.
2006), and reward-related/motivational processes (e.g., pre-
diction error; feedback-related reinforcement; reward antici-
pation; incentive salience; McClure et al. 2003; Ernst et al. 2005;
Knutson and Cooper 2005; Delgado 2007). Basal ganglia
dysfunction has also been implicated in psychopathological
conditions associated with deficits in executive and motiva-
tional processes, including major depressive disorder, bipolar
disorder, schizophrenia, substance use disorders, obsessive
compulsive disorder, and attention-deficit/hyperactivity disor-
der (ADHD) (Castellanos et al. 1996; Lafer et al. 1997; Stein
et al. 2000; Shenton et al. 2001; Sagvolden et al. 2005; Sonuga-
Barke 2005; Chang et al. 2007; Wessa et al. 2007).
In recent years researchers have begun to appreciate
distinctions within the classical basal ganglia structures (e.g.,
caudate, putamen, globus pallidus), as well as the functionally
distinct neural circuits associated with different basal ganglia
subregions. For example, specific reward related processes
have been differentially attributed to ventral versus dorsal
striatum with the former implicated in prediction of future
rewards, and the latter in maintaining information about
reward outcomes (O’Doherty et al. 2004). Similarly, different
aspects of movement are represented in distinct putamen and
caudate regions (Gerardin et al. 2004).
Given that most of our knowledge of basal ganglia circuitry is
based on animal circuit tracing studies (Selemon and Goldman-
Rakic 1985; Cavada and Goldman-Rakic 1991; Middleton and
Strick 1994; Ferry et al. 2000; Haber et al. 2000, 2006;
Middleton and Strick 2002), investigators have recently
attempted to examine basal ganglia subdivisions and circuitry
in humans, with some success, though with notable limitations.
For instance, 2 preliminary diffusion tensor imaging (DTI)
studies (Lehericy et al. 2004; Leh et al. 2007) confirmed the
segregation of corticostriatal connections, particularly with
frontal cortex. However, in contrast with nonhuman primate
data (Kunishio and Haber 1994; Haber et al. 2006), ventral
 The Author 2008. Published by Oxford University Press. All rights reserved.
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striatum was not found to be connected with cingulate cortex.
This negative result was not unexpected, as DTI fiber tract
reconstruction is less accurate for complex fiber directions
such as those in frontal lobe, and the samples in both studies
were very small. Finally, as anatomical studies, the DTI
investigations by Lehericy et al. and Leh et al. do not provide
direct information about functional networks.
An alternative approach to describing striatal functional
networks involved a meta-analysis of 126 functional magnetic
resonance imaging (fMRI) and positron-emission tomography
human neuroimaging studies (Postuma and Dagher 2006). The
meta-analysis demonstrated functionally distinct anatomical areas
within striatum. However, orbitofrontal cortex (OFC) was not
found to be coactivated with ventral striatum, despite specific
predictions regarding its role in emotion/motivation, and its
documented anatomical connectivity with ventral striatum
shown in animal studies (Ferry et al. 2000; Haber et al. 2006).
Our goal in this study was to map basal ganglia circuitry in
humans using recently developed resting state functional
connectivity techniques (Fox and Raichle 2007; Margulies
et al. 2007), which rely on detecting coherent patterns of
spontaneous activity. This approach appears to delineate entire
functional networks which are typically observed in task
activation-based studies in a more fragmentary manner (Fox
and Raichle 2007). Additionally, resting state scanning avoids
potential confounds or limitations encountered in task-based
approaches (e.g., practice, ceiling or floor effects, or differential
performance levels) (Greicius et al. 2003; Beckmann et al.
2005; Fransson 2005; DeLuca et al. 2006; Damoiseaux et al.
2006; Dosenbach et al. 2007; Fair et al. 2007). Taking
the anterior cingulate cortex (ACC) as an initial example, we
recently demonstrated that resting state analyses can provide
a comprehensive examination of functional connectivity in
a structurally and functionally heterogeneous structure
(Margulies et al. 2007). Our analyses revealed more fine-grained
patterns of differentiation among ACC subregions than
appreciated in task-based studies (Paus et al. 1998; Bush et al.
2000; Kiehl et al. 2000; Braver et al. 2001; van Veen et al. 2001;
Weissman et al. 2004; Milham and Banich 2005).
In the present work, we subdivide striatal subregions in
Talairach space following Postuma and Dagher (2006) by
defining 6 seed regions: dorsal caudate (DC), ventral caudate
(superior), ventral caudate/nucleus accumbens (inferior),
dorsal rostral putamen (DRP), dorsal caudal putamen (DCP),
and ventral rostral putamen (VRP) (see Fig. 1 and Table 1).
Consistent with prior work we hypothesized that differential
patterns of connectivity would be noted across the 6 striatal
subregions examined. More specifically, for the putamen, we
predicted that the rostral division would show greater
connectivity with regions involved in cognition than the caudal
division, reflecting the commonly cited cognitive/motor
distinction (Parent and Hazrati 1995). Among the caudate
subregions, we hypothesized that 1) the inferior ventral striatal
region would exhibit greater connectivity with limbic and
orbitofrontal regions (not previously detected in the Postuma
and Dagher meta-analysis) than with dorsal regions involved
in cognition, 2) that dorsal caudate would show greater
connectivity with dorsolateral prefrontal and parietal cortices
than with ventral regions involved in affective processing, and
3) that superior ventral striatum (VSs) would correlate with
intermediate regions along the ventral-dorsal axis. As in the
example of the ACC, for each of these distinctions, we
expected to find more detailed patterns of functional connec-




Thirty-five right-handed native English-speaking participants were
included (20 males; mean age: 28.4 ± 8.5 years). Subjects had no
history of psychiatric or neurological illness as confirmed by
a psychiatric clinical assessment. The study was approved by the
institutional review boards of the New York University School of
Medicine and New York University. Signed informed consent was
obtained prior to participation.
Data Acquisition
A Siemens Allegra 3.0 Tesla scanner equipped for echo planar imaging
(EPI) was used for data acquisition. For each participant, we collected
197 contiguous EPI functional volumes (time repetition [TR] = 2000 ms;
time echo [TE] = 25 ms; flip angle = 90, 39 slices, matrix = 64 3 64; field
of view [FOV] = 192 mm; acquisition voxel size = 3 3 3 3 3 mm).
Complete cerebellar coverage was not obtained for all participants.
Thus, only those cerebellar regions covered by the EPI array in all
subjects were included in the statistical analyses described below (see
Supplementary Fig. 1 for depiction of cerebellar coverage). During
the scan, participants were instructed to rest with their eyes open
while the word ‘‘Relax’’ was centrally projected in white, against a black
background. For spatial normalization and localization, a high-resolution
T1-weighted anatomical image was then acquired using a magnetization
prepared gradient echo sequence (TR = 2500 ms; TE = 4.35 ms; time of
inversion = 900 ms; flip angle = 8; 176 slices, FOV = 256 mm).
Image Preprocessing
Data processing was carried out using both analysis of functional
neuroimaging (AFNI) (http://afni.nimh.nih.gov/afni/) and fMRIb
Figure 1. Representation of the 6 striatal regions of interest. The left and the right
panels show the projection of the 3 caudate regions (i.e., DC; VSs; VSi), and the 3
putamen regions (i.e., DCP; DRP; VRP), respectively, onto sagittal brain views for x 5
11 and x 5 24.
Table 1
Coordinates for striatal regions of interest
x y z
VSi (±) 9 9 8
VSs (±) 10 15 0
DC (±) 13 15 9
DCP (±) 28 1 3
DRP (±) 25 8 6
VRP (±) 20 12 3
Note: Coordinates for right and left hemisphere seeds defined in the MNI stereotaxic space.
2736 Striatal Functional Connectivity d Di Martino et al.
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software library (FSL) (www.fmrib.ox.ac.uk). Image preprocessing
using AFNI consisted of 1) slice time correction for interleaved
acquisitions, using Fourier interpolation, 2) 3D motion correction
(3D volume registration using least-squares alignment of 3 translational
and 3 rotational parameters), and 3) despiking (squashing of extreme
time series outliers using a hyperbolic tangent function). Preprocessing
using FSL consisted of 4) spatial smoothing (Gaussian kernel of full
width half maximum 6 mm), 5) temporal highpass filtering (Gaussian-
weighted least-squares straight line fitting with sigma = 100.0 s), and
6) temporal lowpass filtering (Gaussian filter with half width at half
maximum = 2.8 s).
Functional Connectivity: Region of Interest Selection and Seed
Generation
The goal of the present study was to provide a comprehensive survey of
functional connectivity of striatal architecture. We 1st distinguished
ventral striatum and dorsal caudate (using z < 7 mm as marker for
ventral striatum and z > 7 mm as marker for dorsal caudate, following
Postuma and Dagher (2006). Second, we divided the ventral striatum
into inferior and superior regions (VSi and VSs, respectively) cor-
responding to nucleus accumbens and ventral caudate, respectively
(Heimer and Alheid 1991; Drevets et al. 1999). Third, to confirm the
putamen’s dorsal--ventral coactivation gradient previously described by
Postuma and Dagher (2006), putamen was divided into dorsal and
ventral regions (using z = 2 mm as the boundary per Postuma and
Dagher 2006). Finally, in order to obtain a finer parcellation, we
identified dorsal caudal, dorsal rostral, and ventral rostral putamen
subregions. The globus pallidus, substantia nigra, and subthalamic
nucleus were excluded in the present examination due to limitations of
the spatial resolution of the data acquired (3 3 3 3 3 mm), which was
selected to maximize brain coverage. The seed coordinates were 1st
selected based on the atlas space of Talairach and Tournoux (1988).
Second, they were transformed into the Montreal Neurological Institute
(MNI) space using the algorithm implemented by Brett (1999). Third,
each set of transformed coordinates was visually inspected, and, when
necessary, manually corrected to be centered within gray matter (using
the 152 brain standard MNI gray matter provided by FSL) with
a minimum Euclidean distance requirement between any 2 regions of
8 mm (see Table 1 for seed coordinates; see Fig. 1 and Supplementary
Fig. 2 for seed locations). One set of seeds was created for each
hemisphere (each seed covered 123 voxels in 1 3 1 3 1 mm space with
a radius of 3.5 mm). In order to obtain the time series for each seed, for
each subject, we 1) transformed each subject’s time series into MNI
space using a 12 degree of freedom linear affine transformation
implemented in FLIRT (voxel size = 1 3 1 3 1 mm), and 2) calculated
the mean time series for each seed by averaging across all voxels within
the seed.
Functional Connectivity: Nuisance Signals
The time series of 9 nuisance signals were identified for inclusion in our
analyses: global signal, white matter (WM), cerebrospinal fluid (CSF),
and 6 motion parameters. As the global signal is thought to reflect
a combination of physiological processes (such as cardiac and
respiratory fluctuations) and scanner drift, it was included as a nuisance
signal to minimize the influence of such factors (Gavrilescu et al. 2002;
Macey et al. 2004; Birn et al. 2006). In order to extract the nuisance
covariate time series for WM and CSF, we 1st segmented each
individual’s high-resolution structural image, using FSL’s FAST segmen-
tation program. The resulting segmented WM and CSF images were
then thresholded to ensure 80% tissue type probability. These
thresholded masks were then applied to each individual’s time series,
and a mean time series was calculated by averaging across all voxels
within the mask (for individual examples of WM and CSF masks and
placement, see Supplementary Fig. 3).
Functional Connectivity: Statistical Analysis
For each hemisphere, a multiple regression analysis was performed for
each individual subject (using the general linear model implemented in
FSL’s FEAT), including the time series for the 6 basal ganglia seeds and
the 9 nuisance covariates as predictors.
Time series for the basal ganglia seeds were orthogonalized (using
the Gram-Schmidt process) with respect to each other, and with
respect to the nuisance covariates, to ensure that the time series for
each seed mask reflected its unique variance. This analysis produced
individual subject-level maps of all positively and negatively predicted
voxels for each regressor. As shown in Margulies et al. (2007),
orthogonalizing the time series for each of the seeds with respect to
each other does not lead to underestimation of functional connectivity
due to removal of common variation, or artifactual generation of
negative correlations (see Supplementary Fig. 4).
Group-level analyses were carried out using a mixed-effects model
(FLAME) implemented in FSL. Corrections for multiple comparisons
were carried out at the cluster level using Gaussian random field theory
(min Z > 3.1; cluster significance: P < 0.01, corrected). This group-level
analysis produced threshold Z score maps of activity associated with
each basal ganglia seed as well as direct comparison of functional




Inferior and Superior Ventral Striatum
Examination of functional connectivity during rest revealed
a differential pattern of OFC connectivity among ventral
striatum subregions (see Fig. 3 and Table 2). More specifically,
spontaneous fluctuations in the VSi seed, which was selected to
approximate the location of the nucleus accumbens, primarily
correlated with the medial OFC (Brodmann area [BA] 11/25),
whereas the VSs seed predicted patterns of activity in more
superior and lateral portions of OFC (BA 10). This pattern of
distinct regional functional differentiation between neighbor-
ing ventral striatal seeds extended beyond OFC. Specifically, VSi
predicted activation within regions implicated in emotional
Figure 2. Data analysis overview. Summary sketch of the data analysis steps
included in preprocessing, and individual and group statistics. Abbreviations from the
top: DOF- degrees of freedom.
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processing such as parahippocampal gyrus, and posterior
cingulate cortex (BA 23), whereas VSs did not. In contrast,
the VSs seed predicted activity in regions associated with
executive function, decision making, and motor planning such
as dorsolateral prefrontal cortex (DLPFC; BA 9), inferior frontal
gyrus (BA 47), and rostral anterior cingulate (BA 32). Such
differences were supported by the direct statistical compar-
isons between VSs and VSi seeds (see Fig. 4 and Table 3 for
direct comparisons of the right hemisphere seed).
Though present in both hemispheres, the VSs relationships
described above were more extensive for the left hemisphere.
Otherwise, no substantial hemispheric differences were noted
for the VSi and VSs seeds (see Supplementary Fig. 5 and
Supplementary Tables 1 and 2).
Dorsal Caudate
Consistent with models emphasizing the involvement of dorsal
caudate in cognitive control (Alexander et al. 1986; Cavada and
Goldman-Rakic 1991; Parent and Hazrati 1995), the dorsal
caudate predicted activity bilaterally in DLPFC, ventral lateral
prefrontal cortex (BA 47), ACC (BA 32), and parietal association
areas (inferior parietal lobule, BA 40). Furthermore, the dorsal
caudate seed predicted activity in the frontal eye field (BA 8),
supporting its location within the oculomotor loop described
by Alexander et al. (1986). Unlike the more inferior ventral
striatal seeds, the dorsal caudate seed did not display con-
nectivity with limbic circuits implicated in affective processes
(see Fig. 3 and Table 2). When compared directly with VSi, the
dorsal caudate seed was more highly correlated with the
aforementioned regions implicated in cognitive control, as
opposed to the greater correlations found between VSi and
ventral medial prefrontal, cingulate cortices, and limbic regions
(see Fig. 4 and Table 4). The direct comparison of DC versus
VSs showed greater correlation of DC with dorsal lateral
prefrontal regions (see Fig. 4 and Table 4). There were no
relevant hemispheric differences with respect to the DC seed
(see Supplementary Tables 2 and 3).
Putamen
In contrast to the pattern of results observed among the
caudate seeds, the putamen seeds predicted activity in primary
and secondary cortical motor areas, as supported by direct
statistical comparison when we combined the 3 caudate seeds
(VSi, VSs, DC) versus the 3 putamen seeds (DCP, DRP, VRP)
combined (see Supplementary Fig. 6 as well as Table 5 and
Supplementary Table 4 for the right and left seeds, respectively).
Figure 3. Functional connectivity of right hemisphere striatal seeds. Pattern of significantly positive (red) and negative (blue) relationships for right VSi (x 5 9, y 5 9, z 5 8),
VSs (x 5 10, y 5 15, z 5 0), DC (x 5 13, y 5 15, z 5 9), DCP (x 5 28, y 5 1, z 5 3), DRP (x 5 25, y 5 8, z 5 6), and VRP (x 5 20, y 5 12, z 5 3), from left to right
columns, respectively (Z score[|3.1|, cluster significance: P\ 0.01, corrected). The 1st 3 rows are sagittal views (at x5 5, 30, and 55 from top to bottom, respectively), the
last 4 rows are axial views (at z 5 5, 15, 35, 45 from top to bottom, respectively). See text for details.
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This finding is consistent with the known involvement of
putamen in motor function. In addition, the putamen seeds
predicted activity in areas linked to executive control, such as
DLPFC and rostral ACC.
Dorsal Caudal Putamen and Dorsal Rostral Putamen
The right DCP seed positively correlated with sensori-motor
areas including primary and supplementary motor cortex
(BA 4 and BA 6), and caudal ACC (BA 32 and BA 24). Similarly,
the right dorsal rostral putamen seed predicted activity
within secondary motor areas such as supplementary motor
areas (BA 6) and ACC (BA 32 and 24) (see Fig. 3 and Table 6).
Direct comparisons of DCP versus DRP showed greater
correlations between DCP and premotor cortices (BA 6) in
the right hemisphere (left hemisphere differences were
subthreshold); DRP had greater correlation with dorsal ACC
when compared with DCP in the left hemisphere (right
hemisphere differences were subthreshold) (see Table 7 and
Supplementary Table 5 for direct comparisons of the right
and left seeds, respectively). Beside the aforementioned
differences, there were no substantial differences between
the right and left seeds (see Supplementary Fig. 5 and
Supplementary Table 6 for positive relationships with the left
hemisphere seeds).
Ventral Rostral Putamen
The ventral rostral putamen seed positively correlated with
rostral portions of ACC (BA 32 and BA 24) and DLPFC (BA 10)
commonly associated with conflict monitoring and error-
related processes (Carter et al. 1998; van Veen et al. 2001;
Bush et al. 2002; Botvinick et al. 2004; Ullsperger and von
Cramon 2004) (see Fig. 3 and Table 6). Further, the ventral
rostral seed predicted activation of insula cortex (BA 13).
Results from the direct comparisons between the ventral
rostral and the 2 dorsal putamenal seeds supported the greater
correlation of the DLPFC and rostral ACC with the ventral
rostral putamen (see Table 7 and Supplementary Fig. 7). With
the exception of a positive relationship with the anterior lobule
of the cerebellar vermis (culmen, lobule V) for the left but not
the right ventral rostral seed, there were no substantial
laterality differences between the putamen seeds (see Supple-
mentary Tables 5 and 6).
Negative Relationships
We observed a number of networks negatively correlated with
our basal ganglia seeds. In other words, increases in a seed
region’s activity predicted decreases in the negatively related
region’s activity. Interestingly, as depicted in Figure 5, caudate
seeds were negatively correlated with some of the same areas
that were positively related to the putamen seeds (e.g.,
supplementary and primary motor areas, and portions of dorsal
ACC). Similarly, the putamen seeds were negatively correlated
with some of the same areas that were positively correlated
with the caudate seeds (e.g., ventromedial prefrontal cortex,
precuneus). Such a distinction in connectivity between puta-
men and caudate seeds mirrors the differential roles in motor
and affective processing commonly attributed to these regions.
Ventral Striatum and Dorsal Caudate
Ventral striatal regions (VSi and VSs) exhibited a distributed
pattern of negative relationships with superior parietal regions
commonly associated with spatial and temporal attentional
selection (Fernandez-Duque et al. 2000; Coull et al. 2003;
Nobre et al. 2004; Lepsien and Nobre 2006), occipital cortices
and portions of the superior temporal, dorsolateral prefrontal
cortices associated with cognitive control (Badgaiyan 2000;
Banich et al. 2000; MacDonald et al. 2000; Casey et al. 2000;
Andres 2003; Milham et al. 2003). Results corresponding to the
right hemisphere seeds are shown in Figure 3 and Table 8. In
contrast to VSi, DC showed greater negative correlations with
precuneus, posterior cingulate, occipital cortices, and the
cerebellar culmen. The differences in the pattern of negative
correlations between VSs and VSi did not remain significant
after full brain statistical correction. The pattern of negative
relationships in the VSi, VSs, and dorsal caudate was not
substantially different in the left hemisphere seeds (see
Supplementary Fig, 5 and Supplementary Table 7).
Putamen
All 3 putamen seeds were negatively related with posterior
medial default-mode network regions that were positively
correlated with the inferior ventral striatal seed (e.g.,
Table 2
Positive relationships of right striatal and dorsal caudate seeds
Seed Region BA Talairach Z
x y z
VSi
OFC/ACC (L) 25/11 8 27 13 8.73
11 4 54 11 7.22
Inferior frontal gyrus (R) 47/13 32 13 12 6.04
47 28 26 20 5.87
Precuneus (L) 7 6 60 34 5.09
Posterior cingulate (L) 23 6 56 17 5.52
23 6 24 31 4.27
24 4 11 27 3.75
Parahippocampal gyrus 26 20 12 5.79
18 18 14 6.50
Inferior/middle temporal gyrus (R and L) 21 48 4 34 5.57
21 60 10 13 5.12
20 54 7 16 6.11
Caudate head (L) 10 7 7 9.87
VSs
Medial frontal gyrus (C) 10 0 64 0 5.77
Anterior cingulate gyrus (R) 32 2 43 4 5.50
Caudate head (L) 10 10 0 8.62
DC
Superior frontal gyrus (R and L) 9 22 47 36 6.71
9 16 54 29 6.00
10 20 67 8 6.05
10 30 62 5 5.81
10 32 56 3 4.87
8 14 30 48 6.02
8 20 24 47 5.66
11 22 56 10 4.87
Middle frontal gyrus (R and L) 8 36 24 45 5.21
8 46 14 40 5.30
Middle/inferior frontal gyrus (L) 45 30 27 41 5.42
Inferior frontal gyrus (L) 47 28 15 14 3.36
Medial frontal gyrus (R and L) 10 2 63 15 6.14
10 2 53 5 6.32
9 0 48 31 5.89
Anterior cingulate (R) 32 14 36 11 5.14
32 2 40 13 6.13
Posterior cingulate (R) 31 4 49 30 3.79
Inferior parietal lobule (L) 40 50 58 43 5.27
Inferior/middle temporal gyrus (R and L) 20 66 26 14 4.54
21 64 26 14 4.54
21 54 9 28 3.92
Note: List of the brain regions showing a significant (|Z|[ 3.1; cluster significance: P\ 0.01,
corrected) positive relationship with VSi (x 5 9, y 5 9, z 5 8), VSs (x 5 10, y 5 15, z 5 0),
and DC (x 5 13, y5 15, z5 9) in the right hemisphere seeds. L: left; R: right; Z: Z score of peak
of activation.
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posterior cingulate cortex and precuneus); see Figure 3 and
Table 9 for the right hemisphere seed negative relationships.
Although this pattern was qualitatively strongest for the
ventral rostral putamen seed, the 3 putamen seeds did not
differ significantly from each other. There were no sub-
stantial hemispheric differences with respect to putamen
negative relationships (see Supplementary Fig. 5 and Supple-
mentary Table 8 for the left hemisphere seed negative
relationships).
Discussion
This resting state study of 35 healthy individuals provides a
comprehensive examination of functional connectivity of the
human striatum, revealing distinct neural circuits associated
with each of the 6 striatal subregions we examined. Our results
are consistent with a recent meta-analysis of 126 task-based
functional studies (Postuma and Dagher 2006) while confirm-
ing the existence of hypothesized relationships between
ventral striatum seeds and OFC, which could not be discerned
in the meta-analysis. As hypothesized, our findings highlight the
intimate relationship between ventral striatum and OFC,
suggesting a potential differentiation in OFC connectivity
between superior and inferior portions of the ventral striatum.
Specifically, although the most inferior seed (VSi), placed in the
proximity of nucleus accumbens, was primarily associated with
medial portions of OFC, the intermediately placed VSs seed was
associated with more lateral portions of OFC. These findings
are in agreement with the nonhuman primate literature
showing that medial OFC areas project to ventromedial limbic
striatal areas, whereas lateral OFC components project to more
dorsolateral parts of the striatum (Ferry et al. 2000). In addition,
these data are consistent with human fMRI studies demon-
strating that medial and lateral OFC functions are dissociable
(Elliott et al. 2000a).
Consistent with models positing a cognitive/affective di-
vision between dorsal and ventral striatum (Selemon and
Goldman-Rakic 1985; O’Doherty et al. 2004; Reiss et al.
2005), we found a dorsal/ventral distinction in caudate
connectivity, though with a more gradual transition than
previously appreciated in human studies. Specifically, although
the most dorsal caudate seed was primarily associated with
DLPFC and other cognitive control regions, and the most
inferior caudate seed (VSi) was primarily associated with limbic
areas, the intermediate seed (VSs) was associated with both
cognitive control and limbic areas. Thus, at the macro-level of
analysis observable with fMRI, our data are consistent with
models positing that information is transferred along a ventral
to dorsal gradient via circuits that spiral from emotional/
motivational areas to decision making/executive control areas
and then to motor control areas (Haber et al. 2000; Haber
2003).
As predicted by models positing the existence of motor and
cognitive/association subdivisions of putamen (Parent and
Hazrati 1995), as well as the findings of Postuma and Dagher
(2006), we also found evidence for a putamenal rostral/caudal
distinction. The 2 caudal putamen seeds were significantly
correlated with primary and supplementary motor cortices,
whereas the rostral putamen seed revealed patterns of
connectivity with frontal regions implicated in executive
function control. Our data also provide support for Postuma
and Dagher’s (2006) finding of putamen connectivity with the
insula, specifically in the ventral rostral putamen.
Similar to our examination of ACC subregions (Margulies
et al. 2007), we also found strongly negative as well as positive
correlations with distinct antiphase networks for each striatal
seed region. That is, the spontaneous signal fluctuations in such
negatively correlated networks are 180 out of phase with the
fluctuations observed in the corresponding seed region. Al-
though the significance of such antiphase relationships remains
unclear, a defensible generalization seems to be that they arise
between functional systems with apparently opposite goals or
functions (Greicius et al. 2003; Fox et al. 2005; Margulies et al.
2007; Fransson 2005; Kelly et al. 2008). Consistent with this
Figure 4. Direct comparisons for caudate seeds. The 1st 2 columns depict comparisons of the VSi with DC and VSs. The 3rd column represents the comparison between DC and
VSs. The top row shows the regions in which the 1st seed has significantly greater positive correlations than the 2nd seed tested at x 5 34. The lower row shows the reverse
comparisons at x 5 0. Z score[ |3.1|; cluster significance: P\ 0.01, corrected. See text for details.
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notion, spontaneous fluctuations in seed regions implicated in
affective processing (e.g., VSi) were generally in antiphase
relationship with fluctuations in regions involved in cognitive
and/or motor control. Recent work in our lab suggests that
such antiphase relationships may be functionally significant. For
example, Kelly et al. (2008) showed that individual differences
in behavioral variability during a flanker task were strongly
correlated with individual differences in the magnitude of the
coupling of the antiphase relationships between the default-
mode network and its anticorrelated frontal--parietal task-
positive network (whether observed during rest or task
performance). The mechanism by which negative correlations
arise between networks is unclear (Fox et al. 2005; Fox and
Raichle 2007). It is possible that they may reflect antagonistic
influences of one network on another, as suggested by granger
causality analyses in a recent study of the default-mode
network and its antinetworks in our laboratory (Uddin et al.
forthcoming). Further exploration of striatal antiphase net-
works and the possible contributions of compromises in these
relationships to behavior, including psychopathology, is
merited.
Our cortical--striatal results are fully consistent with estima-
tions of human connectivity from macaque anatomic studies.
Specifically, our data are consistent with all 5 classical cortical--
striatal loops (Alexander et al. 1986). We found that dorsal
putamen is correlated with primary motor and somatosensory
cortex and supplementary motor area (Kunzle 1975; Kunzle
1977); that dorsal caudate is correlated with DLPFC (Selemon
and Goldman-Rakic 1985; Middleton and Strick 2002; Kelly
and Strick 2004), and the frontal eye fields (Kunzle and
Akert 1977); that VSs, which is approximately equivalent to
ventromedial caudate, is functionally connected to lateral
orbitofrontal regions (Ilinsky et al. 1985; Selemon and Goldman-
Rakic 1985; Ferry et al. 2000; Haber et al. 2006); and that VSi is
significantly correlated with ACC (Powell and Leman 1976;
Yeterian and Van Hoesen 1978; Selemon and Goldman-Rakic
1985; Ferry et al. 2000; Haber et al. 1995; Haber et al. 2006). Of
note, most of our findings appear to be bilateral, regardless
of the hemisphere seeded. Although there has been some
controversy in the literature about direct contralateral ana-
tomical thalamic projections (DeVito and Anderson 1982;
Fenelon et al. 1990; Parent et al. 1999), contralateral
Table 3
Direct comparisons: right VSs versus VSi
Contrast Region BA Talairach Z
x y z
VSi[ VSs
OFC (R) 11/25 8 27 15 4.25
Rectal gyrus (L) 11 10 34 19 4.02
Anterior cingulate (R) 25 6 7 7 8.81
Parahippocampal gyrus (R & L) 36 34 28 17 4.35
36 30 37 8 3.87
36 30 34 10 5.39
36 44 7 13 3.50
35 20 26 14 5.00
35 20 22 16 4.34
27 10 37 2 4.30
Parahippocampal gyrus/amygdala (L) 26 1 17 4.82
Precuneus/posterior cingulate (C) 23 0 59 20 4.25
Culmen (R) 20 40 17 4.67
Putamen (L) 14 5 10 6.18
VSs[ VSi
Inferior/middle frontal gyrus (L) 46/10 42 47 1 4.59
Thalamus (L) 2 7 13 4.81
Caudate (L) 8 16 3 6.93
Note: List of the brain regions resulting significantly correlated with right VSi and VSs when the 2
seeds were directly compared. (|Z|[ 3.1; cluster significance: P\ 0.01, corrected). R: Right;
L: Left; Z: Z score of peak of activation.
Table 4
Direct comparisons: right DC versus right VSi and versus right VSs
Contrast Region BA Talairach Z
x y z
DC[ VSi
Superior frontal gyrus (R and L) 8 16 32 52 5.46
8 8 51 38 5.24
8 20 43 38 4.75
10 16 56 19 5.30
10 30 62 3 4.93
10 34 56 3 4.98
10 22 52 20 4.88
6 20 26 54 5.09
Middle/superior frontal gyrus (R) 6 34 14 49 5.73
Middle frontal gyrus (R and L) 9 42 31 33 5.14
9 44 27 37 5.53
10 32 57 8 5.09
10 22 67 8 4.86
10 38 44 9 4.27
10 40 50 14 4.22
4 48 12 40 5.30
46 46 32 20 5.36
8 34 14 53 4.74
Inferior frontal gyrus (R and L) 45 54 20 12 4.63
Medial frontal gyrus (C and R and L) 8 2 27 41 5.54
9 0 49 36 5.35
9 2 56 19 4.00
Inferior parietal lobule (R and L) 40 50 58 43 4.29
40 58 53 41 4.80
Caudate (L) 14 14 7 7.50
VSi[ DC
Middle frontal gyrus (R) 11 26 35 12 3.81
Rectal gyrus (R) 11 6 34 20 4.81
Insula (R) 13 38 9 7 4.02
Anterior cingulate (R and L) 25 6 9 7 10.15
32 6 48 14 4.01
32 10 36 15 5.39
Cingulate gyrus (R and L) 24 6 16 39 4.62
24 6 6 37 4.78
Posterior cingulate (R and L) 30 6 39 2 4.17
Parahippocampal gyrus (R and L) 28 20 18 14 5.29
28 24 22 12 4.53
36 24 43 11 4.20
36 34 32 22 4.73
Uncus (R and L) 28 22 5 30 4.10
20 28 2 30 4.82
Lingual gyrus (R) 19 10 51 3 4.23
Amygdala (L) 28 1 15 5.10
Thalamus (L) 10 7 9 6.53
Declive (L) 32 59 14 4.21
Culmen (L) 38 42 21 4.24
DC[ VSs
Superior frontal gyrus (R and L) 10 20 67 10 5.60
10 30 62 3 4.28
9 4 50 31 5.34
8 16 28 48 4.49
6 4 20 54 4.14
Middle frontal gyrus (R and L) 8 34 33 39 5.22
8 42 27 35 3.92
9 48 15 36 4.46
9 20 54 27 5.34
9 42 16 40 5.03
Medial frontal gyrus (L) 10 2 53 5 5.15
8 6 45 40 5.35
Supramarginal gyrus (R) 40 52 53 32 4.89
Anterior cingulate (L) 32 12 37 7 3.68
Thalamus (L) 14 17 17 4.61
Caudate (L) 14 3 13 13.70
Note: List of the brain regions resulting significantly correlated with right DC, Vsi, or VSs when
these seeds were directly compared VSs[ DC comparison resulted in no differences with this
statistical threshold. (|Z|[ 3.1; cluster significance P\ 0.01, corrected). R: Right; L: Left; Z: Z
score of peak of activation.
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corticostriatal anatomical connections have been described in
primates (Arikuni and Kubota 1986) and in a DTI study in
humans (Lehericy et al. 2004). Our findings of bilaterality agree
with the pattern of striatal coactivation described by Postuma
and Dagher (2006). However, they are functional correlations
and do not necessarily reflect direct WM connectivity. Ongoing
studies combining DTI and functional connectivity fMRI will
clarify whether such correlational patterns are supported by
direct anatomical connections.
These data provide a framework for the examination of
functional connectivity in various clinical disorders. The
correlation of the VSi with medial aspects of OFC is of
particular clinical interest given the implication of this OFC
area (BA 25) in affect regulation and substance abuse. For
example, BA 25 is overactive in treatment resistant depression
which may be reduced by chronic deep brain stimulation in
that location (Mayberg et al. 2005). Volkow et al. (2006) found
that nonalcoholic relatives of alcoholics have increased
availability of D2 receptors in the ventral striatum and that
higher levels of D2 receptors in striatum correlate positively
with higher metabolic activity in OFC and ACC, including BA
25. Given the role of both VS and OFC in reward processing
(Rolls 2000; Elliott et al. 2000b; Schultz et al. 2000), straightfor-
ward quantification of the connectivity of this circuit can
increase our understanding of clinical conditions associated
with dysregulation of reward mechanisms, such as depression,
substance abuse, and ADHD (Epstein et al. 2006; Forbes et al.
2006; Chang et al. 2007; Scheres et al. 2007).
Table 5
Direct comparisons: right caudate versus putamen
Contrast Region BA Talairach Z
x y z
Caudate[ putamen
Superior frontal gyrus (R and L) 10 12 66 0 6.79
10 22 66 1 5.86
10 18 63 15 5.59
8 22 29 43 4.87
8 20 37 39 4.45
9 18 43 38 4.37
Middle frontal gyrus (R and L) 10 38 54 13 5.32
8 46 11 20 4.96
8 30 27 43 4.79
8 24 25 34 4.83
10 38 56 5 4.71
9 2 42 17 6.74
Inferior frontal gyrus (R) 11 26 26 20 4.68
Medial frontal gyrus (R and L) 6 12 31 35 4.38
9 6 44 14 5.03
9 6 52 18 6.64
10 12 42 14 6.39
10 2 63 2 6.91
9 20 37 29 4.35
Inferior parietal lobule (L) 39 44 66 42 5.83
Precuneus (C) 7 0 62 40 5.35
Anterior cingulate gyrus (L) 32 10 29 13 6.59
Posterior cingulate gyrus (C and R) 31 0 33 35 5.97
29 4 52 15 4.85
Middle temporal gyrus (R and L) 21 58 3 23 6.01
21 68 28 10 5.11
20 48 5 23 5.00
42 64 10 13 5.81
Inferior temporal gyrus (R) 20 54 22 16 5.44
Parahippocampal gyrus (R) 36 18 16 4.59
Angular gyrus (R and L) 39 48 66 36 5.44
39 48 67 31 5.76
Caudate (R and L) 6 14 2
6 8 4 7.61
10 18 1 7.53
Putamen[ caudate
Precentral gyrus (R and L) 6 44 8 37 5.65
6 42 8 41 5.63
Inferior frontal gyrus (R and L) 9 44 3 29 5.64
46 46 35 0 5.04
45 52 28 6 4.15
Medial frontal gyrus (R and L) 6 14 3 61 5.44
6 6 5 61 4.91
8 12 29 44 5.05
Insula (R and L) 13 46 12 4 7.17
Inferior parietal lobule (R and L) 40 60 32 24 6.01
40 66 37 31 6.13
40 64 24 23 6.26
Anterior cingulate gyrus (R and L) 32 6 10 40 6.43
24 10 4 42 6.72
Superior temporal gyrus (R and L) 22 54 8 0 7.10
22 66 34 20 5.97
22 60 0 4 6.20
Thalamus (R) 10 23 1 6.37
Declive (R and L) 16 59 11 4.41
12 73 11 5.36
Putamen (R and L) 18 12 2 12.66
30 13 4 8.14
28 6 3 8.01
Note: List of the brain regions resulting significantly correlated with the right caudate seeds
combined (VSi þ VSs þ dorsal caudate) and the right putamen seeds combined (DCP þ DRP þ
VRP) when these were directly compared. (|Z|[ 3.1; cluster significance P\ 0.01, corrected).
R: Right; L: Left; Z: Z score of peak of activation.
Table 6
Positive relationships of right putamen seeds
Seed Region BA Talairach Z
x y z
DCP
Precentral gyrus (R and L) 6 50 9 50 3.77
6 52 6 6 5.17
4 48 6 43 5.06
4 48 10 36 4.66
4 30 15 50 3.72
Postcentral gyrus (L) 40 60 19 18 5.90
Anterior cingulate gyrus (R and L) 24 10 0 44 4.96
32 4 10 42 5.29
32 6 8 46 6.03
Superior temporal gyrus (R and L) 22 50 2 2 6.84
22 64 40 17 4.17
Middle temporal gyrus (L) 37 48 50 4 4.87
Lentiform nucleus (L) 28 8 6 8.69
Thalamus (L) 12 21 1 6.27
DRP
Superior frontal gyrus (R) 6 4 11 57 4.91
Middle frontal gyrus (L) 6 32 5 46 3.62
Inferior parietal lobule (R and L) 40 58 36 24 4.90
40 52 30 25 4.08
Superior temporal gyrus (L) 22 56 8 1 4.89
Anterior cingulate gyrus (R and L) 24 4 9 33 4.88
32 8 11 34 4.68
Lentiform nucleus (L) 30 2 7 6.95
28 0 8 6.79
Thalamus (L) 6 14 1 4.04
VRP
Superior frontal gyrus (R) 10 28 46 23 4.98
6 20 15 58 4.44
Precentral gyrus (L) 44 62 8 10 3.07
Middle frontal gyrus (R and L) 10 34 42 22 4.74
10 38 47 11 3.92
11 28 46 11 3.83
Insula (R and L) 13 44 12 3 6.72
13 44 14 2 5.72
Anterior cingulate gyrus (R and L) 32 2 25 30 7.48
24 6 35 7 5.58
Lentiform nucleus (L) 20 4 11 8.60
20 12 4 8.32
Note: List of the brain regions showing a significant (|Z|[ 3.1; cluster significance P\ 0.01,
corrected) positive relationship with the right DCP (x 5 28, y 5 1, z 5 3), DRP (x 5 25, y 5 8,
z 5 6), and VRP seeds (x 5 20, y 5 12, z 5 3). L: left; R: right; Z: Z score of peak of
activation.
2742 Striatal Functional Connectivity d Di Martino et al.
67

This study has several limitations. First, we only examined
functional connectivity during resting state, and the amplitude
of resting state network fluctuations is modulated by the
transition between task performance and rest (e.g., Fransson
2005; DeLuca et al. 2006; Sridharan et al. 2007). Although the
spatiotemporal stability of resting state functional networks is
impressive (Damoiseaux et al. 2006), future studies should
examine task-related changes in the connectivity of basal
ganglia circuits. Second, we limited our analyses to 6 striatal
subregions due to the spatial resolution limits on our data
acquisition. Future work using higher resolution fMRI will
examine the connectivity of other basal ganglia subregions (i.e.,
globus pallidus internal/external segments, substantia nigra,
and thalamic nuclei). Incomplete coverage of the inferior
portions of cerebellum prevented us from fully appreciating
striatal-cerebellar functional interactions which were observed
for superior regions of the cerebellum. Another type of
limitation is our lack of understanding of the neuronal and
vascular substrates that underlie the remarkable patterns of low
frequency temporal coherence (Biswal et al. 1995) which
provide the bases for functional connectivity maps (Fox and
Raichle 2007). The absence of a plausible model has led to
skepticism regarding this approach (Morcom and Fletcher
2006), despite accumulating evidence that it is a robust
(Buckner and Carroll 2007), stable (Damoiseaux et al. 2006)
and intriguingly revealing technique (Margulies et al. 2007).
Finally, similar to prior studies, the present work detected
a number of robust negative relationships in spontaneous
activity among neural systems with seemingly competing
functions. Although intriguing, one concern that arises is the
possible contributions of analytical procedures, such as global
normalization or orthogonalization, to the presence of such
relationships. However, prior work has demonstrated that
antiphasic relationships can not be simply attributed to
correction for the global signal (Fransson 2005; Uddin et al.
forthcoming). Similarly, Margulies et al. (2007) and the present
work demonstrated that analytical decisions such as simulta-
neous regression of multiple seed regions in a single model or
orthogonalization are not responsible for detection of such
relationships either (see Supplementary Fig. 4). As such, these
negative relationships do not appear artifactual in nature and
merit future study to elucidate their significance (see Kelly
et al. 2008 for an initial effort). In summary, the present work
demonstrates the promise of resting state approaches for
comprehensively examining basal ganglia circuitry. In a single
study during rest lasting less then 7 min per subject, we
demonstrated differential patterns of connectivity among 6
striatal subregions along an affective/cognitive/motor axis
predicted by contemporary models of basal ganglia function
(Middleton and Strick 2000a; Haber 2003), with higher degree of
specificity than previously appreciated by a meta-analysis of over
100 human neuroimaging studies. The cost-effectiveness
Table 7
Right direct comparisons: putamen seeds
Contrast Region BA Talairach Z
x y z
VRP[ (DCP þ DRP)
Superior frontal gyrus (R) 10 14 64 0 4.18
Middle frontal gyrus (R) 10 34 52 9 3.93
Medial frontal gyrus (R and L) 10 18 51 7 4.39
10 10 59 3 5.01
Anterior cingulate (R and L) 32 8 42 9 4.67
32 8 28 23 4.68
32 8 27 28 5.07
24 8 37 6 4.58
24 2 22 14 4.28
Putamen (L) 18 11 9 7.28
(DCP þ DRP)[ VRP
Superior frontal gyrus (R) 6 14 12 65 3.61
Precentral gyrus (R and L) 6 54 0 30 4.98
6 44 10 37 4.36
4 58 18 40 4.66
Medial frontal gyrus (R and L) 6 4 3 54 4.87
6 2 13 60 4.67
Postcentral gyrus (R and L) 43 64 17 14 4.71
3 54 18 25 4.34
8 46 19 45 4.86
Anterior cingulate gyrus (L) 24 10 3 48 4.26
Superior temporal gyrus (R) 22 58 36 13 3.59
Middle temporal gyrus (R) 46 50 54 6 4.73
Transverse temporal gyrus (L) 41 38 23 12 4.98
Putamen (R and L) 26 6 5 8.64
28 15 4 4.98
32 14 1 4.09
DCP[ DRP
Precentral gyrus (R) 6 59 2 28 4.42
6 54 2 12 3.67
Note: List of the brain regions resulting significantly correlated with the right VRP and the 2 right
dorsal putamen seeds combined (DCP þ DRP) when these seeds were directly compared. The
DRP[ DCP comparisons resulted in no differences at this statistical threshold. (|Z|[ 3.1;
cluster significance P\ 0.01, corrected). R: right; L: left; Z: Z score of peak of activation.
Figure 5. Brain regions correlated with both putamen and caudate but in opposite directions. On the left panel the scatter plots represent the mean parameter estimates
(regression coefficients) of striatal seed connectivity (VSi, VSs, DC, DCP, DRP, and VRP, from left to right, respectively) with ACC/supplementary motor area (SMA), precuneus,
and with ventromedial prefrontal cortex (VMPFC), from the left to right, respectively. Outlier b values not included in the scatter plot were as follow: b5 1.07 and 1.30 for DRP
connectivity with ACC/SMA and precuneus, respectively; b 5 1.11 for DCP connectivity with VMPFC. On the right panel the brain regions exhibiting positive correlations with
the putamen seeds (i.e., DCP þ DRP þ VRP) but negative correlation with caudate seeds (i.e., VSi þ VSs þ DC) and vice versa (orange and green, respectively) are shown.
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combined with richly detailed results is an unique strength of
resting state fMRI, which holds considerable promise for the
study of basal ganglia circuitry dysfunction in clinical populations.
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The amygdala is composed of structurally and functionally distinct nuclei that contribute to the processing of
emotion through interactions with other subcortical and cortical structures. While these circuits have been
studied extensively in animals, human neuroimaging investigations of amygdala-based networks have
typically considered the amygdala as a single structure, which likely masks contributions of individual
amygdala subdivisions. The present study uses resting state functional magnetic resonance imaging (fMRI) to
test whether distinct functional connectivity patterns, like those observed in animal studies, can be detected
across three amygdala subdivisions: laterobasal, centromedial, and superficial. In a sample of 65 healthy
adults, voxelwise regression analyses demonstrated positively-predicted ventral and negatively-predicted
dorsal networks associated with the total amygdala, consistent with previous animal and human studies.
Investigation of individual amygdala subdivisions revealed distinct differences in connectivity patterns
within the amygdala and throughout the brain. Spontaneous activity in the laterobasal subdivision predicted
activity in temporal and frontal regions, while activity in the centromedial nuclei predicted activity primarily
in striatum. Activity in the superficial subdivision positively predicted activity throughout the limbic lobe.
These findings suggest that resting state fMRI can be used to investigate human amygdala networks at a
greater level of detail than previously appreciated, allowing for the further advancement of translational
models.
© 2008 Elsevier Inc. All rights reserved.
The central role of the amygdala in processing emotions and
mediating fear responses is well established (LeDoux, 2000). Tucked
away in the medial temporal lobe and comparatively small in size, the
human amygdala is not easily studied in vivo. Further, the amygdala is
not a single structure, but a complex of structurally and functionally
heterogeneous nuclei which have been examined extensively in
rodents and non-human primates, but not in humans. In recent years,
advances have also beenmade in the study of the amygdaloid complex
in humans. For example, using cytoarchitectonic mapping methods
similar to those used in animal studies, Amunts et al. (2005)
delineated probabilistic maps of amygdala subregions. Neuroimaging
studies have also demonstrated structural (Sheline et al., 1998) as well
as functional (Morris et al., 2001; Ball et al., 2007; Kim et al., 2003;
Whalen et al., 2004) distinctions in the human amygdala that parallel
those observed in animals. Translational models implicating specific
amygdala nuclei in processes such as fear learning and extinction are
beginning to inform our understanding of anxiety and related
psychopathology in humans, making more detailed evaluations of
the amygdala and its circuits even more essential (Davis, 2006; Akirav
and Maroun, 2007).
Considering the amygdala as a single unit, as is common in most
human neuroimaging studies, potentially overlooks the independent
functions and patterns of connectivity of individual subdivisions
(laterobasal, centromedial, and superficial), and their component
nuclei, that have been discerned in animals (Pitkanen, 2000; Russchen
et al., 1985; Davis, 2006). The laterobasal group of nuclei includes the
lateral, basolateral, basomedial, and basoventral nuclei. These nuclei
facilitate associative learning processes such as fear conditioning
through afferents from cortical and subcortical regions, including
thalamus, hippocampus, and prefrontal cortex (LeDoux, 2003; Phelps
and LeDoux, 2005). The centromedial group, composed of the central
and medial nuclei, plays a significant role in generating behavioral
responses through projections to the brainstem, as well as cortical and
striatal regions such as the caudate (Davis, 1997; LeDoux, 2003). The
superficial subdivision of the amygdala lies adjacent to the laterobasal
group and includes the cortical nuclei involved in olfactory (Heimer
and Van Hoesen, 2006; Price, 2003) and affective processes (Gonza-
lez-Lima and Scheich, 1986).
Task-based fMRI studies have begun to identify distinct patterns of
activation in subregions of the amygdala, primarily making distinctions
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between dorsal and ventral areas (Morris et al., 2001; Kim et al., 2003;
Whalen et al., 2004). A recent paper by Ball et al. (2007) examined
specific functional differences among the laterobasal, centromedial, and
superficial amygdala subdivisions. Using probabilistic anatomic maps of
these subdivisions (Amunts et al., 2005), the authors showed positive
signal changes in laterobasal amygdala and negative signal changes in
superficial and centromedial subdivisions in response to auditory
stimuli. These data are the first to demonstrate functional distinctions
of amygdala subdivisions (laterobasal, centromedial, and superficial) in
the human brain, supporting the utility of using such probabilistic
anatomic maps to guide interpretations of functional neuroimaging
data.
Studies of the functional connectivity of the human amygdala have
typically examined it as a single unit, finding results generally
consistent with known anatomic connections in non-human primates
(Amaral and Price, 1984; Amaral, 1986). For example, Stein et al.
(2007) demonstrated significant associations between activation in
the amygdala and parahippocampal gyrus, anterior cingulate cortex,
orbitofrontal cortex, posterior cingulate, and insula. The most
replicated of these associations is the correlation between activity in
prefrontal regions (e.g., anterior cingulate cortex, ventral prefrontal
cortex, and orbitofrontal cortex) and the amygdala, which is believed
to provide the basis for emotion regulation processes (Hariri et al.,
2003; Ochsner et al., 2004; Zald and Pardo, 1997).
The aim of the current investigation is to build upon the novel
work of Ball et al. (2007) by examining unique connectivity patterns of
the laterobasal, centromedial, and superficial subdivisions of the
amygdala using resting state functional MRI. Resting state functional
connectivity is a highly effective and efficient method for mapping
complex neural circuits that is thought to reflect the underlying
neuroanatomy (Andrews-Hanna et al., 2007; Greicius et al., 2008;
Vincent et al., 2007; Hagmann et al., 2008). Prior work by our lab
demonstrates the power of this method to detect differential patterns
of functional connectivity for subregions of the anterior cingulate
cortex (ACC) (Margulies et al., 2007) and striatum (Di Martino et al.,
2008) that are consistent with meta-analyses of human functional
data (Koski and Paus, 2000; Postuma and Dagher, 2006) and anatomic
data from non-human primates and rodents (Alexander et al., 1986;
Devinsky et al., 1995). The current study uses similar methods to
examine whether amygdala-based networks identified in animal
models can be detected in humans using resting-state fMRI. By
exploring intrinsic spontaneous low-frequency correlations in BOLD
signal, we are able to map patterns of connectivity in both hemi-
spheres without relying on task-related activations that are often
variable (Hariri et al., 2000; Lange et al., 2003), and likely differ from
spontaneous amygdala activity (Zald et al., 1998).
Materials and methods
Participants
Sixty-five right-handed (as assessed by the Edinburgh Handedness
Inventory; Oldfield, 1971) native English-speaking participants with
no history of psychiatric or neurological illness (confirmed by
psychiatric clinical assessment) were enrolled (33 males; mean age:
29.3±7.9 years). The study was approved by the NYU School of
Medicine and New York University institutional review boards. Signed
informed consent was obtained prior to participation.
Data acquisition and image preprocessing
Resting state datawere acquired on a Siemens Allegra 3.0 Tscanner.
During the scan, participants were instructed to rest with their eyes
openwhile theword “Relax”was centrally projected inwhite, against a
black background. The reliability of functional connectivity analyses
has been demonstrated across resting state conditions (i.e., eyes open,
eyes closed) (Fox et al., 2005; Fransson, 2005). There was no evidence
that participants had fallen asleep during the scan, although this was
not directly measured. We collected 197 contiguous EPI functional
volumes (TR=2000 ms; TE=25 ms; flip angle =90, 39 slices,
matrix=64×64; FOV=192 mm; acquisition voxel size=3×3×3 mm).
For spatial normalization and localization, a T1-weighted anatomical
image (MPRAGE, TR=2500ms; TE=4.35 ms; TI=900ms; flip angle=8;
176 slices, FOV=256mm)was also obtained. Subsets of these data have
been used inprevious studies of functional connectivity (Castellanos et
al., 2008; Di Martino et al., 2008; Kelly et al., 2008, in press; Margulies
et al., 2007; Uddin et al., 2007, in press). Image preprocessing was
carried out using AFNI (http://afni.nimh.nih.gov/afni/) and FSL (www.
fmrib.ox.ac.uk). Preprocessing using AFNI consisted of (1) slice time
correction (first slice as reference, interleaved acquisitions, Fourier
Fig. 1. Location of 50% probabilistic masks of centromedial (CM), laterobasal (LB), and superficial (SF) amygdala projected on a mean EPI image using radiological convention. A) CM,
LB, and SFmasks (y=−6;Montreal Neurological Institute [MNI] standard space). B) 50% probabilistic mask of LB (solid) with extent of total LB according to the Juelich histological atlas
as implemented in FSL (outline) (y=−2); C) 50% probabilistic mask of CM (solid) with extent of total CM according to the Juelich histological atlas as implemented in FSL (outline)
(y=−8); D) 50% probabilistic mask of SF (solid) with extent of total SF according to the Juelich histological atlas as implemented in FSL (outline) (y=−2). Subdivision boundaries
obtained from the Juelich histological atlas are based on probabilistic maps created by Amunts et al. (2005).
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interpolation), (2) 3Dmotion correction, and (3) despiking (removal of
extreme timeseries outliers). Preprocessing using FSL consisted of (4)
spatial smoothing (FWHM=6 mm), (5) mean-based intensity normal-
ization of all volumes by the same factor, (6) temporal highpass
Table 1
Right Total Amygdala Functional Connectivity
Structure BA Cluster
size
xa ya za Z Scoreb
Positive
Cingulate gyrus (L) 2061 −8 −10 36 4.77
Cingulate gyrus (R) 31 14 −22 42 4.45
Laterobasal amygdala (R) 28844 28 −4 −22 11.8
Laterobasal amygdala (L) −26 −10 −14 11.11
Superior temporal gyrus (R) 38 34 12 −30 9.66
41 52 −30 16 4.85
Superior temporal gyrus (L) 38 −34 10 −30 8.68
−60 −26 10 6.10
−52 −2 −8 8.12
−42 −44 18 4.26
Middle temporal gyrus (L) 21 −50 −18 −20 4.94
Inferior temporal gyrus (L) 19 −44 −54 −4 3.74
Fusiform gyrus (L) 20 −36 −42 −20 6.39
Fusiform gyrus (R) 20 38 −38 −18 5.77
Hippocampus (L) −24 −38 −2 6.23
Caudate (R) 10 6 −6 8.03
Insula (R) 50 0 −6 7.90
38 −16 2 7.64
Insula (L) −36 −20 6 6.94
−34 0 10 6.81
−30 22 8 3.31
Anterior cingulate cortex (R) 2 42 −16 7.19
0 24 −6 5.54
Inferior frontal gyrus (L) 47 −36 30 −14 6.50
Thalamus (R) 8 −24 4 5.10
Precentral gyrus (R) 6 52 −4 22 3.64
Brainstem/Pons (R) 14 −30 −26 4.66
Cerebellum (R) 6 −42 −8 4.56
Negative
Cerebellum 1282 0 −44 −22 4.53
Cerebellum (L) −10 −80 −24 4.16
−30 −56 −30 3.65
Middle frontal gyrus (R) 8 13078 42 24 32 8.52
30 8 56 6.62
38 38 18 5.77
10 24 60 14 5.13
Middle frontal gyrus (L) 6 −46 10 40 7.10
6 −42 26 26 6.63
Cingulate gyrus 6 0 22 42 7.15
Superior frontal gyrus (R) 8 24 42 36 6.74
Superior frontal gyrus (L) 6 −18 14 58 5.67
8 −2 42 46 4.59
10 −24 52 16 5.69
Precentral gyrus (L) 6 −30 −4 60 6.08
Parietal lobe (R) 40 15047 50 −42 48 7.63
Angular gyrus (L) −50 −56 38 6.69
Precuneus (L) 7 −6 −70 38 6.19
7 −20 −68 54 4.88
Precuneus (R) 19 36 −64 46 6.34
7 14 −72 40 5.91
Precuneus 31 0 −46 44 6.60
Cerebellum (R) 12 −78 −18 6.53
30 −70 −22 4.65
Occipital lobe (L) 17 −8 −90 6 4.28
−30 −88 16 5.30
Occipital lobe (R) 42 −76 10 3.65
Lingual gyrus (R) 18 2 −72 6 4.06
Superior parietal lobe (R) 7 32 −44 64 3.77
Inferior parietal lobe (L) 40 −42 −34 42 3.41
List of brain regions showing a significant positive or negative relationship with the
right total amygdala (ZN2.3; cluster significance: pb0.05, corrected). For clusters with
more than one peak, local maxima are listed. Cluster size in voxels. Coordinates are in
standard MNI space. BA = Brodmann Area.
a Coordinates indicate location of maximum Z-scores for clusters or location of local
maxima.
b Z Score: maximum Z score of cluster or Z statistic of local maxima.
Table 2
Left total amygdala functional connectivity
Structure BA Cluster
size
xa ya za Z Scoreb
Positive
Precentral gyrus (R) 1049 14 −24 50 4.6
Cingulate gyrus (R) 24 8 −8 36 4.26
Amygdala (L) 22843 −20 −4 −18 14.2
Hippocampus (R) 22 −12 −20 12.17
Superior temporal gyrus
(R)
38 30 8 −30 9.93
47 46 14 −18 5.94
41 52 −30 14 3.27
21 56 −4 −16 7.58
Superior temporal gyrus
(L)
38 −40 16 −26 7.83
22 −48 −4 −6 7.55
−58 −32 10 4.97
Globus pallidus 10 4 −6 8.30
Medial frontal gyrus (R) 11 4 40 −18 8.14
Medial frontal gyrus (L) 9 −4 58 12 4.36
Fusiform gyrus (L) −36 −12 −30 8.09
20 −36 −42 −22 7.99
Fusiform gyrus (R) 20 36 −38 −18 4.98
Inferior frontal gyrus (L) 47 −34 32 −14 7.74
Inferior frontal gyrus (R) 48 34 −8 3.88
Middle temporal gyrus (L) −50 −54 2 3.99
Insula (L) −34 −18 8 6.66
Insula (R) 34 −20 4 6.25
50 −4 8 5.63
Thalamus (R) 2 −16 6 5.82
Cingulate gyrus (L) 24 −2 32 0 5.43
Brainstem (L) −8 −32 −4 5.03
Brainstem (R) 12 −32 −22 4.95
Negative
Middle frontal gyrus (R) 30505 42 20 42 8.58
Middle frontal gyrus (L) 9 −44 22 32 7.15
6 −16 4 64 3.53
10 −40 42 18 3.29
10 −26 58 4 4.06
10 28 58 2 5.65
Superior frontal gyrus (R) 6 28 6 58 7.66
6 0 18 50 7.18
6 8 2 66 4.26
10 26 52 22 7.02
14 42 42 3.96
Superior frontal gyrus (L) 9 −22 44 28 5.36
Precentral gyrus (L) 6 −46 4 46 6.07
Precentral gyrus (R) 9 48 4 24 3.72
Cingulate gyrus (R) 32 12 26 28 5.59
Angular gyrus (R) 48 −56 40 7.94
Angular gyrus (L) −50 −60 38 6.66
Precuneus (R) 7 10 −76 44 7.87
7 2 −52 44 6.50
Precuneus (L) 7 −8 −66 56 5.11
Cuneus (R) 18 10 −86 26 6.30
Cerebellum 0 −46 −22 4.89
Cerebellum (R) 10 −78 −18 5.84
34 −56 −30 3.99
Cerebellum (L) −12 −78 −22 4.78
−30 −56 −30 4.16
Lingual gyrus (L) 17 −6 −92 6 5.42
Lingual gyrus (R) 12 −82 6 4.99
Inferior parietal lobe (R) 40 56 −28 46 5.05
40 36 −44 62 4.86
Inferior parietal lobe (L) 40 −42 −34 42 3.95
Superior parietal lobe (R) 7 20 −60 62 3.61
Occipital cortex (L) −28 −88 16 6.07
Occipital cortex (R) 30 −78 18 5.34
37 48 −72 8 4.29
List of brain regions showing a significant positive or negative relationship with the left
total amygdala (ZN2.3; cluster significance: pb0.05, corrected). For clusters with more
than one peak, local maxima are listed. Cluster size in voxels. Coordinates are in
standard MNI space. BA = Brodmann Area.
a Coordinates indicate location of maximum Z-scores for clusters or location of local
maxima.
b Z Score: maximum Z score of cluster or Z statistic of local maxima.
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filtering (Gaussian-weighted least-squares straight line fitting,
sigma=100.0 s), and (7) correction for time series autocorrelation
(pre-whitening) using FILM (FMRIB's Improved Linear Model), which
calculates voxelwise pre-whitening matrices (Woolrich et al., 2001).
Temporal lowpass filtering (Gaussian filter, HWHM=2.8 s) was also
performed using FSL in order to isolate the low-frequency BOLD
fluctuations of interest. Previous studies have found this range to have
the greatest power in BOLD signal (Biswal et al., 1995; Fransson, 2006),
the strongest correlations between regions (Achard et al., 2006), and to
relatemost closely to task-based activations (Fox et al., 2007; Fransson,
2006; Toro et al., 2008) and underlying structural connectivity
(Greicius et al., 2008; Hagmann et al., 2008; Vincent et al., 2007).
Functional data were then transformed into MNI space using a 12
degree of freedom linear affine transformation implemented in FLIRT
(voxel size=2×2×2 mm), to enable time series extraction using
standard anatomical masks.
Functional connectivity: time series extraction
Our goal was to examine differential patterns of connectivity
among the laterobasal, centromedial, and superficial subdivisions of
the amygdala using the same regional definitions as Ball et al.
(2007). Regions of interest (ROIs) were determined using stereo-
taxic, probabilistic maps of cytoarchitectonic boundaries developed
by Amunts et al. (2005) and implemented in FSL's Juelich
histological atlas (Fig. 1). The laterobasal (LB) subdivision (Left:
1840 mm3, Right: 1920 mm3) includes the lateral, basolateral,
basomedial, and paralaminar nuclei. The centromedial (CM) sub-
division (Left: 176 mm3, Right: 224 mm3) consists of the central
and medial nuclei. The superficial (SF) subdivision (Left: 952 mm3,
Right: 760 mm3) includes the anterior amygdaloid area, the
amygdalopyriform transition area, the amygdaloid-hippocampal
area and the ventral and posterior cortical nuclei. We created our
regions of interest in standard space, including only voxels with a
probability of at least 50% of belonging to each subdivision (LB, CM,
SF). Each voxel was assigned to only one subdivision. In cases of
overlap, such voxels were assigned to the region for which they
had the highest probability of inclusion. To minimize effects due to
interindividual anatomic variability, each voxel's time series was
weighted by the probability of inclusion in a given amygdala
subdivision, based on the interindividual variability of the ten
subjects used to construct the original anatomic atlas (Amunts
Fig. 2. Functional connectivity of amygdala regions of interest. Patterns of significantly positive (red) and negative (blue) relationships for the total amygdala, laterobasal (LB),
centromedial (CM) and superficial (SF) subdivisions. Sagittal (x=2), coronal (y=6), and axial (z=1) views are presented. (MNI standard space; radiological convention; ZN2.3;
cluster significance: pb0.05, corrected).
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et al., 2005). In other words, those voxels most reliably located in a
given region made the greatest contribution to its signal. In each
subject, mean time series were then extracted by averaging across
all voxels' probability-weighted time series within each subdivision.
Additional analyses were conducting using amygdala ROIs with
more and less conservative thresholds. First, we used a more liberal
25% threshold with results similar to those of the original 50%
analyses. Second, to increase the specificity of our amygdala
subdivisions, we created ROIs that represented the ‘core’ compo-
nents of each subdivision. We took each of the 50% probability
masks and rank ordered the probability values of each voxel and
then restricted each ROI to only include voxels with the top 20
probability values. Using these ‘core’ ROIs, we generated voxelwise
functional connectivity maps using the same methods used for the
primary analysis using 50% probability ROIs. Cross-correlations of
the resulting maps were found to be highly significant (all
comparisons rN0.94; pb10−4) with the maps generated with 50%
probability ROIs (see Supplementary Figure).
Table 3
Right laterobasal functional connectivity
Structure BA Cluster
size
xa ya za Z Scoreb
Positive
Postcentral gyrus (R) 3 406 18 −36 66 4.00
Medial frontal gyrus (R) 11 410 4 40 −18 5.21
Superior frontal gyrus (L) 10 −6 56 −10 3.18
Precuneus (L) 7 433 −16 −42 60 4.01
Precentral gyrus (L) 4 −18 −20 64 3.59
Laterobasal amygdala (R) 12866 28 −2 −26 16.2
Hippocampus (L) −26 −8 −24 10.85
−22 −40 0 5.77
Parahippocampal gyrus (R) 32 −34 −10 4.85
Superior temporal gyrus (R) 38 42 10 −34 8.63
21 52 0 −18 7.12
44 −40 14 3.55
Superior temporal gyrus (L) 38 −38 14 −28 7.97
13 −42 −46 20 4.19
21 −48 −32 0 4.18
Fusiform gyrus (L) 20 −34 −42 −18 6.05
37 −42 −64 −12 3.35
Cerebellum (R) 8 −44 −10 4.25
Brainstem/Pons (R) 18 −34 −32 5.87
Brainstem/Pons (L) −10 −36 −26 5.54
Putamen (R) 34 −6 8 4.56
Insula (L) −36 −6 −2 4.01
13 −34 −16 18 3.38
Negative
Middle frontal gyrus (L) 1292 −42 32 26 5.21
Superior frontal gyrus (L) −28 46 12 4.72
Cerebellum (R) 2338 26 −72 −20 5.81
Cerebellum (L) −32 −72 −22 5.81
−6 −78 −22 4.75
Middle occipital gyrus (L) 19 −36 −86 6 3.96
Lingual gyrus (L) −4 −68 −2 3.16
Superficial amygdala (R) 13791 20 −2 −14 8.66
Cingulate gyrus (R) 32 6 24 28 7.15
31 2 −38 46 4.31
Cingulate gyrus (L) 32 −2 40 8 4.41
Middle frontal gyrus (R) 10 36 50 16 6.77
9 36 36 32 6.14
6 44 6 48 4.73
6 24 8 58 5.73
Superior frontal gyrus (R) 10 24 50 −8 3.21
Medial frontal gyrus (R) 2 8 50 5.88
Thalamus 8 0 6 6.65
Insula (L) −38 14 −2 5.13
Insula (R) 48 16 −6 4.63
30 22 2 3.27
Precuneus (L) 7 −6 −74 38 4.80
7 −4 −60 60 3.78
Inferior parietal lobe (R) 40 54 −38 48 5.51
40 36 −46 62 3.41
Superior parietal lobe (R) 7 30 −68 50 3.54
List of brain regions showing a significant positive or negative relationship with the
right laterobasal subdivision of the amygdala (ZN2.3; cluster significance: pb0.05,
corrected). For clusters with more than one peak, local maxima are listed. Cluster size in
voxels. Coordinates are in standard MNI space. BA = Brodmann Area.
a Coordinates indicate location of maximum Z-scores for clusters or location of local
maxima.
b Z Score: maximum Z score of cluster or Z statistic of local maxima.
Table 4
Left laterobasal functional connectivity
Structure BA Cluster
size
xa ya za Z Scoreb
Positive
Laterobasal amygdala 16218 −24 −6 −24 16.0
Laterobasal amygdala 22 −8 −22 10.64
Parahippocampal gyrus (L) −28 −26 −18 8.80
30 −20 −50 8 3.22
Parahippocampal gyrus (R) 18 −46 4 3.99
Superior temporal gyrus (R) 38 38 12 −32 8.96
60 −34 10 3.87
Superior temporal gyrus (L) 13 −54 −40 22 5.21
Middle temporal gyrus (L) 37 −54 −60 2 3.82
Insula (R) 48 −14 −8 6.63
36 −18 10 4.68
32 12 0 3.51
Fusiform gyrus (R) 20 34 −40 −20 4.86
Fusiform gyrus (L) −30 −58 −8 3.61
Thalamus (L) −14 −30 2 4.52
Brainstem (R) 4 −38 −8 4.49
16 −34 −30 4.45
Brainstem (L) −18 −40 −32 4.39
Negative
Parietal lobe (L) 40 888 −44 −60 46 4.49
Precuneus (L) 19 −30 −78 40 3.33
Globus pallidus (L) 1855 −16 −2 −12 5.84
Caudate (L) −18 6 14 5.63
Caudate (R) 18 12 14 5.06
Thalamus (R) 2 −8 8 5.26
Posterior cingulate 23 6140 4 −28 26 5.94
Cingulate gyrus 31 0 −40 44 4.52
Precuneus (L) 7 −6 −72 36 5.81
Precuneus (R) 7 14 −62 34 4.42
19 30 −72 48 4.73
7 2 −56 58 3.88
Cerebellum 0 −70 −12 3.66
Cerebellum (R) 22 −72 −18 5.73
36 −52 −30 4.19
Cerebellum (L) −22 −74 −24 5.40
−36 −54 −30 4.17
Parietal lobe (R) 48 −56 42 5.67
40 50 −36 52 4.58
Lingual gyrus 8 −90 −4 4.62
Cingulate gyrus 32 8871 0 20 40 7.60
Middle frontal gyrus (R) 9 38 20 40 6.86
9 32 38 32 5.59
6 32 6 56 6.45
34 50 16 5.16
Middle frontal gyrus (L) −38 26 38 4.80
10 −24 58 6 4.72
−38 36 18 3.89
6 −38 8 48 3.52
Anterior cingulate (R) 24 6 30 20 5.68
32 4 44 0 3.44
Medial frontal gyrus 6 0 6 64 3.60
Medial frontal gyrus (L) 9 −12 42 26 3.22
Superior frontal gyrus (R) 20 62 6 3.27
Precentral gyrus (L) 6 −32 −10 60 3.95
List of brain regions showing a significant positive or negative relationship with the left
laterobasal amygdala (ZN2.3; cluster significance: pb0.05, corrected). For clusters with
more than one peak, local maxima are listed. Cluster size in voxels. Coordinates are in
standard MNI space. BA = Brodmann Area.
a Coordinates indicate location of maximum Z-scores for clusters or location of local
maxima.
b Z Score: maximum Z score of cluster or Z statistic of local maxima.
618 A.K. Roy et al. / NeuroImage 45 (2009) 614–626
77

Probabilistic maps were not available for the total amygdala;
therefore, binary composite masks (Left: 2968 mm3, Right:
2904 mm3) were created by combining the individual subdivision
masks, each thresholded at a probability of 50% for the right and left
amygdala separately. Mean time series were then calculated by
averaging across all voxels within each mask.
Functional connectivity: statistical analysis
As outlined in Margulies et al. (2007), multiple regression
analyses were performed for each subject using FSL's FEAT. For
each hemisphere, a regression model (GLM) was created which
included each of the three amygdala subdivision time series
predictors and nine nuisance covariates (time series predictors for
global signal, white matter, cerebrospinal fluid, and six motion
parameters). The global signal is thought to reflect a combination
of physiological processes (i.e., cardiac and respiratory fluctuations),
and therefore, was included in the GLM to control for such factors.
Within these regression models, the LB, CM, and SF time series
from each hemisphere were orthogonalized (using the Gram–
Schmidt process) with respect to each other, and with respect to
the nuisance covariates, to ensure that the time series for each ROI
reflected its unique variance. This analysis produced individual
subject-level maps of all positively- and negatively-predicted voxels
for each regressor. To test whether orthogonalization was leading to
underestimation of functional connectivity, analyses were repeated
with each amygdala subdivision in a separate regression model.
Results were highly similar to those found with orthogonalization;
therefore, only the orthogonalized results are presented here. To
examine the functional connectivity of the amygdala as a whole,
Fig. 3. Direct comparisons of the functional connectivity of each subdivision with the other two subdivisions. Red indicates regions in which activity is significantly more positively
predicted by spontaneous activity in target subdivision than by the other two subdivisions. Blue indicates regions in which activity is significantly more negatively predicted by
spontaneous activity in the target subdivision than by the other two subdivisions. Sagittal (x=2), coronal (y=10), and axial (z=6) views are presented. (MNI standard space; radiological
convention; ZN2.3; cluster significance: pb0.05, corrected).
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separate regression models were created for each hemisphere that
included the total amygdala time series along with the same nine
nuisance variables used for the subdivision analyses.
Group-level analyses, controlling for age and gender, were
conducted using FLAME, a mixed-effects model implemented in FSL.
Cluster-based corrections for multiple comparisons used Gaussian
random field theory (ZN2.3; cluster significance: pb0.05, corrected)
resulting in thresholded Z-score maps of correlated voxels associated
with each amygdala subdivision and the total amygdala for each
hemisphere. Direct comparisons were conducted to verify differences
in functional connectivity across amygdala subdivisions: CMvs. SF+LB,
LB vs. SF+CM, and SF vs. CM+LB. When we observed that the
functional connectivity of right and left amygdala subdivisions differed
in that one uniquely predicted the activity of a specific region, we
conducted follow-up analyses. These consisted of paired samples t-
tests with hemisphere (right vs. left) as the independent variable and
parameter estimates for the region of interest as the dependent
variable. To directly examine areas of convergence among the
laterobasal, centromedial, and superficial amygdala subdivisions, we
conducted a conjunction analysis by overlaying the thresholded maps
for each subdivision. Only those voxels which survived correction for
each subdivision were included, resulting in maps of positive and
negative functional connectivity patterns common to all three
amygdala subdivisions.
Given the amygdala's limited spatial extent, additional analyses
were conducted using decreased spatial smoothing (FWHM=4.5 mm).
Although less robust, patterns of connectivity were consistent with
those of primary analyses and therefore are not reported here.
Results
Total amygdala
Spontaneous activity in the amygdala positively predicted sponta-
neous activity in medial prefrontal regions including medial frontal
gyrus (BA 10) and rostral ACC (BA 32), as well as a small region of
dorsal ACC (BA 24). Other regions positively predicted by amygdala
activity included insula, thalamus, and striatum. Conversely, amygdala
activity negatively predicted activity in dorsal and posterior regions
such as superior frontal gyrus (BA 6/8), bilateral middle frontal gyrus,
posterior cingulate cortex (PCC), precuneus (BA 7), and parietal and
occipital lobes bilaterally (Tables 1 and 2; Fig. 2). Overall, these
patterns of functional connectivity were similar for the left and right
amygdala and support models of emotion processing that suggest
reciprocal ventral and dorsal systems (Phillips et al., 2003).
Amygdala subdivisions
Laterobasal
Spontaneous activity in LB nuclei predicted bilateral activity
primarily in temporal regions including the hippocampus, para-
hippocampal gyrus, and superior temporal gyrus (Tables 3 and 4;
Fig. 2). Direct comparisons verified that these positive associations
were significantly greater for the LB subdivision than either CM or
SF subdivisions (Fig. 3). Additionally, spontaneous activity in the
right LB nuclei predicted activity in medial prefrontal regions
including medial frontal gyrus (BA 11), superior frontal gyrus (BA
Fig. 4. Hemispheric comparisons of functional connectivity. Mean parameter estimates represent the strength of FC between regions. (A) Hemispheric comparisons of the functional
connectivity of the laterobasal subdivision of the amygdala with medial prefrontal cortex (PFC) and precentral gyrus. (B) Hemispheric comparisons of the functional connectivity of
the centromedial subdivision of the amygdala with the SF and LB subdivisions, middle frontal gyrus, and medial frontal gyrus.
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10), anterior cingulate cortex (BA 32), and dorsal regions including
precentral and postcentral gyri, bilaterally. Direct comparison
between hemispheres found that LB functional connectivity with
medial prefrontal regions did not differ significantly (t[64]==1.24,
p= .22) suggesting connectivity at a subthreshold level (pN .05)
(Fig. 4A). Similar analyses found significant hemispheric differences
in LB functional connectivity with regions of the precentral gyrus (t
[64]=−3.10, p= .003) suggesting that this association is unique to
the right LB. These results support animal studies demonstrating
significant connectivity between nuclei in the LB subdivision and
prefrontal and temporal regions, facilitating their role in associative
learning processes (Schoenbaum et al., 2000).
While regions positively associated with the LB nuclei were
primarily in temporal and frontal regions, negatively associated loci
were located in dorsal and posterior regions such as dorsal ACC,
extending from BA 24 to BA 32, middle frontal gyrus (BA 6/9), PCC,
precuneus, bilateral parietal lobe, and cerebellum (Fig. 2). Thala-
mus, caudate, and superficial amygdala were also negatively
predicted by spontaneous LB activity. Negative associations with
most regions were greater for the LB nuclei than for the other two
subdivisions (Fig. 3). Overall, the connectivity patterns of the LB
subdivision, specifically positive predictions of spontaneous activity
in rostral ACC and medial prefrontal cortex (PFC) and negative
predictions of activity in dorsal ACC and middle frontal gyrus, are
consistent with emotion regulation circuits previously delineated
in task-based studies (Hariri et al., 2000, 2003; Ochsner et al.,
2004).
Centromedial
Spontaneous activity in the CM subdivision positively predicted
activity in the striatum, with significant clusters detected bilaterally,
extending from the nucleus accumbens into dorsal portions of the
caudate and nearby portions of the putamen. Additionally, areas of
significant connectivity were detected in the globus pallidus, dorsal
ACC, insula, and cerebellum (Tables 5 and 6; Fig. 2). Direct comparison
with the LB and SF groups found that the CM nuclei showed
significantly greater functional connectivity with caudate, putamen,
globus pallidus, thalamus, cerebellum, and dorsal ACC (Fig. 3). These
findings support the role of the CM as an output region of the
Table 5
Right centromedial functional connectivity
Structure BA Cluster
size
xa ya za Z Scoreb
Cingulate gyrus (R) 24 1249 8 8 34 3.96
Cingulate gyrus (L) 24 −10 −12 40 3.28
Medial frontal gyrus (R) 6 8 −2 52 3.85
Cerebellum (R) 3043 12 −64 −20 5.83
20 −38 −26 4.35
Cerebellum (L) −20 −58 −22 7.27
−2 −48 −22 4.12
Globus pallidus (R) 6611 26 −8 −8 18.82
Putamen (R) 30 10 2 6.31
Insula (R) 13 50 6 −4 5.48
13 34 −14 18 4.03
13 46 −20 2 5.26
Precentral gyrus (R) 6 60 0 14 5.14
6 56 −4 34 4.06
Inferior parietal lobe (R) 40 60 −38 26 5.05
Putamen (L) 5533 −30 −10 −4 9.88
Caudate (L) −14 0 12 6.22
Thalamus (L) −4 −22 2 4.73
Insula (L) −38 10 0 5.45
13 −42 −20 10 5.01
Superior temporal lobe (L) 13 −56 −44 18 5.38
Precentral gyrus (L) 6 −58 2 22 3.33
−40 −20 36 3.70
Inferior frontal gyrus (L) 45 −50 24 12 3.23
Negative
Parahippocampal gyrus (R) 28 418 20 −4 −16 11.56
Anterior cingulate 10 446 0 52 −8 4.65
Medial frontal gyrus 11 0 34 −18 3.06
Middle frontal gyrus (L) 8 1136 −24 18 46 4.61
6 −22 −2 60 3.48
Precentral gyrus (L) 9 −44 22 34 3.45
Superior frontal gyrus (L) 9 −18 38 30 3.68
−12 60 12 3.12
Precuneus (R) 7 7858 8 −68 54 5.45
7 2 −46 50 4.33
31 6 −68 28 3.95
Precuneus (L) 7 −20 −66 56 3.91
Posterior cingulate (R) 30 20 −54 14 3.43
Posterior cingulate (L) 30 −8 −48 20 3.37
Occipital lobe (R) 42 −66 16 4.03
Occipital lobe (L) 18 −22 −86 24 4.37
Parietal lobe (R) 19 32 −74 36 4.36
Parietal lobe (L) 39 −42 −68 38 3.97
Superior parietal lobe (R) 7 32 −48 62 3.90
Supramarginal gyrus (R) 40 46 −34 36 3.67
Paracentral lobule (R) 5 12 −40 68 3.62
List of brain regions showing a significant positive or negative relationship with the
right centromedial subdivision of the amygdala (ZN2.3; cluster significance: pb0.05,
corrected). For clusters with more than one peak, local maxima are listed. Cluster size in
voxels. Coordinates are in standard MNI space. BA = Brodmann Area.
a Coordinates indicate location of maximum Z-scores for clusters or location of local
maxima.
b Z Score: maximum Z score of cluster or Z statistic of local maxima.
Table 6
Left centromedial functional connectivity
Structure BA Cluster
size
xa ya za Z Scoreb
Positive
Cerebellum (R) 1368 22 −64 −20 4.82
2 −64 −8 3.75
Cerebellum (L) −16 −62 −20 5.31
Cerebellum 0 −56 −32 3.68
Cingulate gyrus (L) 24 1453 −4 22 26 5.29
24 −6 4 38 4.58
Globus pallidus (L) 12382 −24 −8 −8 18.86
Putamen (R) 24 6 −4 8.71
34 −20 −2 6.37
Caudate (R) 18 −8 20 4.38
Caudate (L) −14 0 12 6.86
Insula (L) 13 −38 10 −4 5.93
13 −50 −38 20 4.74
Precentral gyrus (R) 44 48 4 4 5.47
6 56 −4 32 3.33
Precentral gyrus (L) 22 −56 −6 4 5.67
Thalamus (R) 2 −12 6 5.22
Inferior frontal gyrus (R) 47 40 26 −4 4.35
Inferior frontal gyrus (L) 13 −28 28 −10 5.03
45 −52 22 6 3.50
Inferior parietal lobule (R) 40 54 −28 22 4.92
Brainstem (R) 10 −8 −12 3.55
Brainstem (L) −16 −28 −8 4.49
Negative
Precuneus (R) 7 10183 26 −68 46 6.05
7 4 −62 46 4.53
7 2 −42 52 4.17
Precuneus (L) 7 −24 −66 34 4.29
Middle occipital gyrus (L) 18 −22 −88 22 5.93
Cuneus (R) 18 20 −88 26 3.43
18 2 −78 28 5.27
Inferior parietal lobule (R) 40 44 −40 52 4.57
Postcentral gyrus (R) 7 10 −46 70 3.87
Paracentral lobule (R) 6 10 −24 68 3.68
List of brain regions showing a significant positive or negative relationship with the left
centromedial amygdala (ZN2.3; cluster significance: pb0.05, corrected). For clusters
with more than one peak, local maxima are listed. Cluster size in voxels. Coordinates are
in standard MNI space. BA=Brodmann Area.
a Coordinates indicate location of maximum Z-scores for clusters or location of local
maxima.
b Z Score: maximum Z score of cluster or Z statistic of local maxima.
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amygdala, facilitating motor responding, reward processing, and
increased attention and cortical readiness (Davis, 1997).
Regions negatively predicted by activity in the left and right CM
groups were primarily in posterior regions including precuneus and
occipital lobe (Fig. 2). Spontaneous activity in the right CM uniquely
negatively predicted activity in ventral regions of the right amygdala
(including SF and LB nuclei), medial frontal gyrus, and left middle
frontal gyrus. This was confirmed by direct comparisons showing
significant differences in the functional connectivity of left and right
CM with each of these regions (amygdala: t[64]=10.44, p= .001;
medial frontal gyrus: t[64]=3.67, p= .001; middle frontal gyrus: t
[64]=2.78, p= .007) (Fig. 4B). These regions of amygdala and medial
frontal gyrus overlapped considerably with regions positively
predicted by spontaneous activity in the LB subdivision (Fig. 5A).
These findings, in addition to the positively predicted activity in
regions of the striatum that are negatively predicted by activity in
LB nuclei (Fig. 5B), may reflect reciprocal response patterns resulting
from inhibitory relationships between LB and CM nuclei that have
been observed in animals (Collins and Pare, 1999).
Superficial
The SF subdivision demonstrated patterns of functional connectiv-
ity that are consistent with traditional models of the “limbic lobe”
(Morgane et al., 2005). Left and right SF groups positively predicted
spontaneous activity in regions along the cingulate gyrus extending
from subgenual cingulate to dorsal ACC (BA 24) (Tables 7 and 8; Fig. 2).
Positive associations were also found in insula, striatum (caudate,
nucleus accumbens), and hippocampus. Direct comparisons with the
LB and CM groups found greater functional connectivity between the
SF group and these areas, except lateral and posterior temporal regions
for the left SF subdivision (Fig. 3). The overall pattern of activity
significantly predicted in limbic regions suggests that olfactory
processes associated with the cortical nuclei of the SF group may
continue to play a key affective role in humans, as they do in animals
(Price, 2003).
Spontaneous activity in the SF subdivision negatively predicted
activity in posterior regions such as the angular gyrus, superior
parietal lobe, and cerebellum and frontal regions including the middle
frontal gyrus (BA 6, 8, 9). Direct comparisons with the LB and CM
subdivisions found negative associations between the right SF and
frontal and parietal regions mostly in the contralateral hemisphere.
Direct comparisons of the left SF subdivision with the CM and LB
subdivisions only showed significant differences posteriorly, in the
cerebellum and bilateral angular gyrus (Fig. 3).
Conjunction analysis
To examine regions of convergence among the amygdala subdivi-
sions, we conducted an overlay analysis of thresholded maps from
Fig. 5. Regions showing opposing patterns of functional connectivity for LB and CM amygdala subdivisions in the right hemisphere (MNI standard space; radiological convention;
ZN2.3; cluster significance: pb0.05, corrected). Mean parameter estimates represent the strength of FC between amygdala subdivision and region indicated. (A) Regions
positively predicted by activity in the centromedial (CM) subdivision (red) and negatively predicted by activity in the laterobasal (LB) subdivision (blue) and their overlap
(purple). ACC: anterior cingulate cortex. (B) Regions negatively predicted by activity in the centromedial (CM) subdivision (red) and positively predicted by activity in the
laterobasal (LB) subdivision (blue) and their overlap (purple).
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each subdivision. Only those voxels that reached corrected signifi-
cance in each of the 3 subdivision analyses were included. As a result,
we found significant convergence in insular cortex for positive FC and
posterior regions (precuneus, lateral occipital cortex) for negative FC
(see Fig. 6).
Discussion
By mapping temporally correlated patterns of low frequency
spontaneous activity during rest, we detected distinct functional
networks associated with three amygdala subdivisions. These results
demonstrate the potential of resting state fMRI to make fine-tuned
distinctions within amygdala circuits in vivo, and as such, contribute
Table 7
Right superficial functional connectivity
Structure BA Cluster size xa ya za Z Scoreb
Positive
Cingulate gyrus (R) 24 2715 12 −6 42 5.24
16 −30 46 5.19
Cingulate gyrus (L) 24 −4 6 32 5.45
Anterior cingulate (R) 33 2 20 16 4.38
Anterior cingulate (L) 10 −8 50 0 4.08
Precentral gyrus (R) 6 54 −2 24 3.90
Superficial amygdala (R) 24300 22 −4 −14 16.2
Parahippocampal gyrus (L) 28 −20 −2 −16 11.87
−24 −24 −14 8.65
Uncus (R) 30 8 −28 8.09
Superior temporal gyrus (L) 42 −54 −30 14 6.92
38 −32 14 −32 6.61
Middle temporal gyrus (R) 37 56 −56 −2 3.79
Insula (R) 13 38 0 2 8.94
13 38 −20 4 8.11
Insula (L) 13 −38 −8 −2 8.88
13 −32 −26 14 5.05
13 −30 20 8 4.80
Thalamus 0 −12 6 6.69
Caudate (R) 18 0 16 5.71
Inferior frontal gyrus (R) 47 34 30 −14 7.68
46 46 40 0 5.47
Inferior frontal gyrus (L) 47 −34 32 −12 6.79
Frontal medial gyrus (R) 11 2 40 −18 7.15
Anterior cingulate (L) 24 −2 22 −8 5.38
Fusiform gyrus (R) 37 44 −46 −16 4.45
Fusiform gyrus (L) 37 −44 −56 −12 3.86
Cerebellum (L) −34 −42 −24 5.78
−18 −60 −18 3.27
Negative
Cerebellum 2015 0 −44 −22 5.70
Cerebellum (R) 12 −78 −20 4.78
44 −64 −30 3.93
Cerebellum (L) −6 −68 −28 3.40
Precentral gyrus (R) 9 11929 40 26 32 8.51
Middle frontal gyrus (R) 6 42 6 46 5.46
Middle frontal gyrus (L) 9 −44 18 40 7.56
6 −30 −2 60 5.71
10 −30 56 4 5.24
9 −26 32 26 4.23
Superior frontal gyrus (R) 6 18 24 54 7.20
Superior frontal gyrus (L) 6 −16 22 56 6.73
Cingulate gyrus (L) 32 −2 30 36 6.83
Medial frontal gyrus 6 0 4 64 3.53
Medial frontal gyrus (R) 10 26 50 2 4.16
Angular gyrus (R) 14947 48 −56 38 7.07
Angular gyrus (L) −50 −56 40 7.69
Precuneus (L) 7 −4 −62 44 6.39
7 −20 −74 48 5.60
Cuneus (R) 18 14 −88 22 6.13
Middle occipital gyrus (R) 19 28 −82 8 4.54
Middle occipital gyrus (L) −24 −90 20 6.09
Lingual gyrus (R) 4 −72 4 4.14
Lingual gyrus (L) 17 −6 −92 8 4.67
Cuneus 18 0 −76 30 4.92
Cuneus (R) 19 30 −74 38 5.25
Inferior parietal lobule (L) 40 −44 −34 44 4.07
Postcentral gyrus (R) 2 52 −26 44 3.99
List of brain regions showing a significant positive or negative relationship with the
right superficial subdivision of the amygdala (ZN2.3; cluster significance: pb0.05,
corrected). For clusters with more than one peak, local maxima are listed. Cluster size in
voxels. Coordinates are in standard MNI space. BA = Brodmann Area.
a Coordinates indicate location of maximum Z-scores for clusters or location of local
maxima.
b Z Score: maximum Z score of cluster or Z statistic of local maxima.
Table 8
Left superficial functional connectivity
Structure BA Cluster size xa ya za Z Scoreb
Positive
Superficial amygdala (R) 34 20590 18 −4 −18 11.18
Superficial amygdala (L) 28 −18 −4 −16 14.8
Superior temporal gyrus (R) 38 30 8 −30 8.08
47 46 14 −18 5.40
Superior temporal gyrus (L) 22 −48 −4 −8 7.20
38 −36 4 −22 7.00
Anterior cingulate (R) 32 6 40 −16 8.08
Inferior frontal gyrus (R) 47 28 30 −12 7.00
Inferior frontal gyrus (L) 47 −34 32 −14 7.24
Insula (R) 13 50 −2 −4 6.85
13 36 6 10 4.33
Insula (L) 13 −36 −12 16 5.69
Claustrum (R) 13 38 −20 6 5.25
Thalamus (R) 2 −16 8 6.42
Putamen (L) −18 10 8 4.06
Cingulate gyrus (L) 24 −6 0 30 4.03
Medial frontal gyrus (L) 9 −4 58 10 4.47
Middle temporal gyrus (R) 21 58 −16 −22 5.49
Parahippocampal gyrus (L) 36 −32 −32 −22 6.96
Fusiform gyrus (R) 20 38 −38 −18 4.30
Fusiform gyrus (L) 37 −48 −48 −16 4.10
Inferior temporal gyrus (L) −52 −18 −26 3.95
Brainstem (R) 12 −32 −22 4.63
Negative
Middle frontal gyrus (R) 9 28006 42 20 42 7.39
10 28 58 0 4.03
6 28 6 56 6.70
Middle frontal gyrus (L) 6 −44 6 46 5.66
9 −44 22 32 6.68
Medial frontal gyrus (R) 32 2 36 30 4.28
Medial frontal gyrus (L) 6 −4 0 62 4.37
Cingulate gyrus (R) 31 2 −38 44 3.35
Superior frontal gyrus 8 0 20 52 6.36
Superior frontal gyrus (R) 6 20 26 52 4.46
Superior frontal gyrus (L) 6 −20 12 58 5.10
9 −22 44 28 4.10
Cuneus (R) 19 10 −76 42 6.24
Precuneus (L) 7 −10 −68 46 6.14
Postcentral gyrus (R) 3 56 −14 44 4.68
Postcentral gyrus (L) 1 −58 −22 40 3.82
Superior parietal lobule (R) 7 28 −60 50 5.54
Superior parietal lobule (L) 7 −32 −58 48 5.45
Inferior parietal lobule (R) 7 34 −44 62 4.77
Inferior parietal lobule (L) 40 −42 −36 42 4.28
Angular gyrus (R) 48 −56 40 7.36
Angular gyrus (L) −50 −58 38 5.65
Middle occipital gyrus (R) 19 42 −76 12 5.22
Middle occipital gyrus (L) 19 −24 −86 22 5.26
Cerebellum (R) 26 −72 −12 4.84
Lingual gyrus (R) 18 14 −82 6 4.69
Lingual gyrus (L) 18 −18 −74 −6 3.82
17 −4 −92 6 5.07
Cerebellum 0 −46 −22 5.73
Cerebellum (R) 10 −66 −28 4.45
Cerebellum (L) −2 −68 6 3.54
List of brain regions showing a significant positive or negative relationship with the left
superficial amygdala (ZN2.3; cluster significance: pb0.05, corrected). For clusters with
more than one peak, local maxima are listed. Cluster size in voxels. Coordinates are in
standard MNI space. BA = Brodmann Area.
a Coordinates indicate location of maximum Z-scores for clusters or location of local
maxima.
b Z Score: maximum Z score of cluster or Z statistic of local maxima.
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to the growing literature supporting translational models of amygdala
function.
Analyses of the amygdala as a single region revealed patterns of
functional connectivity largely consistent with animal models
(Pitkanen, 2000; Amaral and Price, 1984), and task-based human
neuroimaging findings (Stein et al., 2007). Spontaneous activity in the
amygdala positively predicted activity in regions implicated in
identifying the emotional significance of stimuli and producing
affective states; these include ACC, insula, medial PFC, striatum, and
thalamus. Conversely, activity in regions involved in cognitive
processes and effortful regulation of affect, such as superior frontal
gyrus, middle frontal gyrus, PCC, and precuneus, was negatively
predicted by amygdala activity.
The functional connectivity of individual amygdala subdivisions
showed regions of overlap and regions uniquely related to each
subdivision. The insular cortex represented a region of convergence
for positive functional connectivity maps while the precuneus and
lateral occipital cortex represented regions of convergence for
negative functional connectivity maps. The unique patterns of
connectivity associated with each amygdala subdivision revealed
homologies with animal amygdala-based circuits at a level of
resolution greater than previously considered by most human
imaging studies. Consistent with its role in associative learning
processes such as contextual fear conditioning (LeDoux, 2000;
Phelps and LeDoux, 2005), the laterobasal subdivision was positively
associated with activity in the superior temporal gyrus, hippocam-
pus, and parahippocampal gyrus. Additionally, this subdivision
positively predicted activity in medial PFC and precentral gyrus;
this latter association was significantly stronger for the right LB than
the left. These connectivity patterns, along with negative associa-
tions between spontaneous fluctuations in the LB subdivision and
dorsal and posterior regions such as dorsal ACC, middle frontal
gyrus, and precuneus, are consistent with data from previous task-
based studies demonstrating the involvement of similar circuits in
emotion regulation (Hariri et al., 2000; Ochsner et al., 2004; Phelps
and LeDoux, 2005; Phillips et al., 2003; Zald, 2003; Blair et al., 2007).
Activity of the centromedial nuclei, which mediate response
expression and facilitate attention to salient stimuli (Kapp et al.,
1994), was significantly correlated with thalamus, insula, dorsal ACC,
and cerebellum. Significant positive associations were also found
with striatal regions (caudate, putamen, and GP) which are similar in
function, connectivity, and chemistry (neurotransmitter and peptide
distribution) to the centromedial nuclei (Swanson and Petrovich,
1998; Swanson, 2003). The superficial nuclei, which support
olfactory information processing and olfaction-related affective
processing in rodents (Kemppainen et al., 2002; Pitkanen, 2000),
positively predicted activity throughout regions traditionally identi-
fied as limbic cortex including the cingulate gyrus extending from
subgenual to dorsal regions, insula, and striatum.
The merits of examining individual amygdala subdivisions are
further highlighted by findings that some regions showed opposing
patterns of connectivity with different amygdala subdivisions. This
was particularly evident in patterns of connectivity involving the
centromedial and laterobasal subdivisions. Positively-predicted later-
obasal and negatively-predicted centromedial networks converged in
regions of medial PFC and temporal lobe while negatively-predicted
laterobasal and positively-predicted centromedial networks con-
verged in the striatum. Evenwithin the amygdala, resting state activity
of the right centromedial subdivision negatively predicted activity in
the laterobasal subdivision. This is consistentwith reports of reciprocal
oscillations in thefiring probabilities of lateral and centromedial nuclei
observed in animals (Collins and Pare, 1999) and opposing BOLD
activation patterns in these same regions observed in humans (Ball
et al., 2007).
While our results were generally consistent with the extant
literature, there was evidence of functional connectivity patterns
that do not have clear anatomic bases. These findings highlight the fact
that ourmethodsmeasure correlated spontaneous activity, whichmay
reflect indirect as well as direct anatomic connections (Greicius et al.,
2008; Hagmann et al., 2008; Vincent et al., 2007). Further, the
mechanisms underlying negative relationships between brain regions
detected with resting-state fMRI remain unknown (Fox et al., 2005;
Fransson, 2005). These findings also suggest that the functional
connectivity of human amygdala subdivisions may differ somewhat
from that of non-humanprimates and rodents. Future studies applying
these resting state FC methods to translational research could provide
themeans for more effective comparisons of amygdala circuitry across
species.
We observed a high degree of concordance in the functional
connectivity of the left and right amygdala. These findings are
consistent with previous investigations of resting state connectivity
across the brain (Lowe et al., 1998; Biswal et al., 1995) and of the
amygdala (Zald et al., 1998). However, lateralized patterns of
correlated spontaneous activity were also observed, particularly
for the right centromedial subdivision, which demonstrated a
unique negative association with activity in the superficial/later-
obasal amygdala, medial frontal gyrus, and left middle frontal
gyrus. These results may reflect structural differences, as the right
centromedial subdivision was 25% larger than the left, allowing for
greater power to detect negative associations. Ball et al. (2007)
found a similar lateralization of responses in the centromedial
subdivision (positive responses on the right and negative responses
on the left) that was not observed in the LB or SF subdivisions. The
concordance of these findings suggests that lateralization in
regulation of amygdala activity may be observed at a more detailed
level. For example, there is some evidence that the right amygdala
demonstrates more rapid habituation to fearful faces than the left
amygdala (Phillips et al., 2001; Wright et al., 2002). This may result
from greater negative intrinsic connectivity between the right CM
subdivision and regions involved in fear learning (laterobasal
nuclei) (LeDoux, 2003; Phelps and LeDoux, 2005) as well as the
regulation of emotion (medial frontal gyrus) (Hariri et al., 2003;
Irwin et al., 2004; Berretta, 2003). Clearly, these ideas are
Fig. 6. Regions of convergence among amygdala subdivisions. Regions of positive
functional connectivity are indicated in red and regions of negative functional
connectivity are indicated in blue (MNI standard space; radiological convention;
ZN2.3; cluster significance: pb0.05, corrected).
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speculative and additional studies of the connectivity of the
amygdala subdivisions at rest, as well as during task, are needed
to further investigate these questions of laterality.
The current study delineated patterns of connectivity that have
been shown to be altered in clinical populations using task-based
methods (Heinz et al., 2005;McClure et al., 2007; Pezawas et al., 2005;
Quirk and Gehlert, 2003). This suggests that resting state fMRI can be
used to efficiently probe intrinsic differences in these critical circuits
without the potential confounds of group differences in task
performance. Further, by observing significant differences in the
connectivity of amygdala subdivisions implicated in fear learning and
extinction, we demonstrate the utility of these methods for testing
translational models of fear and anxiety. For example, pharmacologi-
cal treatments that affect the basolateral amygdala in animals are
effective at facilitating extinction in patients with anxiety disorders
(Hofmann, 2007; McNally, 2007; Davis et al., 2006). Our methods may
provide an opportunity to further examine the impact of these agents
on amygdala circuits in humans.
The present study has several limitations. First, our results only
apply to resting state data andmay not reflect connectivity during task
performance. However, the convergence of these findings with those
from animal studies suggests that intrinsic activity likely indexes
functionally relevant circuits. Furthermore, recent studies using
diffusion tensor imaging (DTI; Greicius et al., 2009) and task-based
meta-analyses (Toro et al., 2008) suggest that functional connectivity
reflects structural connectivity and that networks identified in the
resting-state mimic those identifiable across a wide array of task
paradigms, respectively. Second, the amygdala is susceptible to EPI
image distortions, normalization errors, and draining vein effects
whichmay lead to spatial localization errors (Merboldt et al., 2001). As
such, connectivity patterns reported for a given amygdala subdivision
could, to some extent reflect surrounding structures. This problem
would likely be greatest for the CM as it is the smallest of the three
subdivisions. To minimize these effects on localization of amygdala
subdivisions, we used probabilistic maps of amygdala ROIs with a 50%
threshold (only voxels with a probability of 50% or higher of belonging
to that region were included) and probability-weighted each voxel's
contribution to the time series. We also conducted more conservative
analyses to further reduce the effect of spatial errors. Using only the
twenty voxels for each subdivision that had the highest probability of
membership, we found highly similar results (cross-correlations
between thresholded maps pb10−4). While these analyses do not
eliminate the likely impact of distortion and localization errors, they
provide initial evidence that independent functional connectivity
patterns can be identified within the amygdala. Future fMRI studies
using coronal sections, smaller voxel sizes, and EPI distortion
correction will help to further confirm the localization of amygdala
subdivisions and the current findings. Third, while our results suggest
functional connectivity between amygdala subdivisions and anterior
regions of the cerebellum,wewere not able to extend analyses tomore
inferior cerebellar structures due to our imaging parameters, which
limited coverage in these regions. Fourth, we selected the laterobasal,
centromedial, and superficial subdivisions based upon themost recent
structural delineation of amygdala subdivisions in humans (Amunts
et al., 2005), which is still less detailed than animal models.
In summary, resting state fMRI was used to interrogate human
amygdala-based circuits at a greater level of detail than previously
examined. The convergence of these findings with animal models
supports the validity of this approach for the translational investiga-
tion of amygdala networks and their role in psychopathology and
development.
Acknowledgments
The authors wish to thank David Stark and Katie Hiler for their
assistance with supplementary materials and are grateful to those
individuals who volunteered their time to participate in this study.
This work was supported in part by NIMH (K23 MH074821).
Appendix A. Supplementary data
Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.neuroimage.2008.11.030.
References
Achard, S., Salvador, R., Whitcher, B., Suckling, J., Bullmore, E., 2006. A resilient, low-
frequency, small-world human brain functional network with highly connected
association cortical hubs. J. Neurosci. 26, 63–72.
Akirav, I., Maroun, M., 2007. The role of themedial prefrontal cortex–amygdala circuit in
stress effects on the extinction of fear. Neural Plast. 30873.
Alexander, G.E., DeLong, M.R., Strick, P.L., 1986. Parallel organization of functionally
segregated circuits linking basal ganglia and cortex. Annu. Rev. Neurosci. 9,
357–381.
Amaral, D.G., 1986. Amygdalohippocampal and amygdalocortical projections in the
primate brain. Adv. Exp. Med. Biol. 203, 3–17.
Amaral, D.G., Price, J.L., 1984. Amygdalo-cortical projections in the monkey (Macaca
fascicularis). J. Comp. Neurol. 230, 465–496.
Amunts, K., Kedo, O., Kindler, M., Pieperhoff, P., Mohlberg, H., Shah, N.J., Habel, U.,
Schneider, F., Zilles, K., 2005. Cytoarchitectonic mapping of the human amygdala,
hippocampal region and entorhinal cortex: intersubject variability and probability
maps. Anat. Embryol. 210, 343–352 (Berl).
Andrews-Hanna, J.R., Snyder, A.Z., Vincent, J.L., Lustig, C., Head, D., Raichle, M.E.,
Buckner, R.L., 2007. Disruption of large-scale brain systems in advanced aging.
Neuron 56, 924–935.
Ball, T., Rahm, B., Eickhoff, S.B., Schulze-Bonhage, A., Speck, O., Mutschler, I., 2007.
Response properties of human amygdala subregions: evidence based on functional
MRI combined with probabilistic anatomical maps. PLoS ONE 2, e307.
Berretta, S., 2003. Local release of GABAergic inhibition in the medial prefrontal cortex
induces immediate-early genes in selective neuronal subpopulations in the
amygdala. Ann. N. Y. Acad. Sci. 985, 505–507.
Biswal, B.B., Yetkin, F.Z., Haughton, V.M., Hyde, J.S., 1995. Functional connectivity in the
motor cortex of resting human brain using echoplanar MRI. Magn. Reson. Med. 34,
537–541.
Blair, K.S., Smith, B.W., Mitchell, D.G., Morton, J., Vythilingam, M., Pessoa, L., Fridberg, D.,
Zametkin, A., Sturman, D., Nelson, E.E., Drevets, W.C., Pine, D.S., Martin, A., Blair, R.J.,
2007. Modulation of emotion by cognition and cognition by emotion. NeuroImage
35, 430–440.
Castellanos, F.X., Margulies, D.S., Kelly, C., Uddin, L.Q., Ghaffari, M., Kirsch, A., Shaw, D.,
Shehzad, Z., Di Martino, A., Biswal, B., Sonuga-Barke, E.J., Rotrosen, J., Adler, L.A.,
Milham, M.P., 2008. Cingulate–precuneus interactions: a new locus of dysfunction
in adult attention-deficit/hyperactivity disorder. Biol. Psychiatry 63, 332–337.
Collins, D.R., Pare, D., 1999. Reciprocal changes in the firing probability of lateral and
central medial amygdala neurons. J. Neurosci. 19, 836–844.
Davis, M., 1997. Neurobiology of fear responses: the role of the amygdala. J.
Neuropsychiatry Clin. Neurosci. 9, 382–402.
Davis, M., 2006. Neural systems involved in fear and anxiety measured with fear-
potentiated startle. Am. Psychol. 61, 741–756.
Davis, M., Ressler, K., Rothbaum, B.O., Richardson, R., 2006. Effects of D-cycloserine on
extinction: translation from preclinical to clinical work. Biol. Psychiatry 60,
369–375.
Devinsky, O., Morrell, M.J., Vogt, B.A., 1995. Contributions of anterior cingulate cortex to
behaviour. Brain 118 (Pt 1), 279–306.
Di Martino, A., Scheres, A., Margulies, D.S., Kelly, A.M.C., Uddin, L.Q., Shehzad, Z., Biswal,
B., Walters, J.R., Castellanos, F.X., Milham, M.P., 2008. Functional connectivity of the
human striatum: a resting state fMRI study. Cereb. Cortex 18, 2735–2747.
Fox, M.D., Snyder, A.Z., Vincent, J.L., Corbetta, M., Van Essen, D.C., Raichle, M.E., 2005.
The human brain is intrinsically organized into dynamic, anticorrelated functional
networks. Proc. Natl. Acad. Sci. U. S. A. 102, 9673–9678.
Fox, M.D., Snyder, A.Z., Vincent, J.L., Raichle, M.E., 2007. Intrinsic fluctuations within
cortical systems account for intertrial variability in human behavior. Neuron 56,
171–184.
Fransson, P., 2005. Spontaneous low-frequency BOLD signal fluctuations: an fMRI
investigation of the resting-state default mode of brain function hypothesis. Hum.
Brain Mapp. 26, 15–29.
Fransson, P., 2006. How default is the default mode of brain function? Further evidence
from intrinsic BOLD signal fluctuations. Neuropsychologia 44, 2836–2845.
Gonzalez-Lima, F., Scheich, H., 1986. Classical conditioning of tone-signaled bradycardia
modifies 2-deoxyglucose uptake patterns in cortex, thalamus, habenula, caudate-
putamen and hippocampal formation. Brain Res. 363, 239–256.
Greicius, M.D., Supekar, K., Menon, V., Dougherty, R.F., 2009. Resting-state functional
connectivity reflects structural connectivity in the default mode network. Cereb. Cortex
19, 72–78.
Hagmann, P., Cammoun, L., Gigandet, X., Meuli, R., Honey, C.J., Wedeen, V.J., et al., 2008.
Mapping the structural core of human cerebral cortex. PLoS Biol. 6, e159.
Hariri, A.R., Bookheimer, S.Y., Mazziotta, J.C., 2000. Modulating emotional responses:
effects of a neocortical network on the limbic system. NeuroReport 11, 43–48.
Hariri, A.R., Mattay, V.S., Tessitore, A., Fera, F., Weinberger, D.R., 2003. Neocortical
modulation of the amygdala response to fearful stimuli. Biol. Psychiatry 53, 494–501.
625A.K. Roy et al. / NeuroImage 45 (2009) 614–626
84

Heimer, L., Van Hoesen, G.W., 2006. The limbic lobe and its output channels:
implications for emotional functions and adaptive behavior. Neurosci. Biobehav.
Rev. 30, 126–147.
Heinz, A., Braus, D.F., Smolka, M.N.,Wrase, J., Puls, I., Hermann, D., Klein, S., Grusser, S.M.,
Flor, H., Schumann, G., Mann, K., Buchel, C., 2005. Amygdala-prefrontal coupling
depends on a genetic variation of the serotonin transporter. Nat. Neurosci. 8, 20–21.
Hofmann, S.G., 2007. Enhancing exposure-based therapy from a translational research
perspective. Behav. Res. Ther. 45, 1987–2001.
Irwin, W., Anderle, M.J., Abercrombie, H.C., Schaefer, S.M., Kalin, N.H., Davidson, R.J.,
2004. Amygdalar interhemispheric functional connectivity differs between the
non-depressed and depressed human brain. NeuroImage 21, 674–686.
Kapp, B.S., Supple Jr., W.F., Whalen, P.J., 1994. Effects of electrical stimulation of the
amygdaloid central nucleus on neocortical arousal in the rabbit. Behav. Neurosci.
108, 81–93.
Kelly, A.M.C., Uddin, L.Q., Biswal, B.B., Castellanos, F.X., Milham, M.P., 2008. Competition
between functional brain networksmediates behavioral variability. NeuroImage 39,
527–537.
Kelly, A.M.C., Di Martino, A., Uddin, L.Q., Shehzad, Z., Gee, D.G., Reiss, P.T., Margulies, D.
M., Castellanos, F.X., Milham, M.P., in press. Development of anterior cingulate
functional connectivity from late childhood to early adulthood. Cereb. Cortex.
Kemppainen, S., Jolkkonen, E., Pitkanen, A., 2002. Projections from the posterior cortical
nucleus of the amygdala to the hippocampal formation and parahippocampal
region in rat. Hippocampus 12, 735–755.
Kim, H., Somerville, L.H., Johnstone, T., Alexander, A.L., Whalen, P.J., 2003. Inverse
amygdala and medial prefrontal cortex responses to surprised faces. NeuroReport
14, 2317–2322.
Koski, L., Paus, T., 2000. Functional connectivity of the anterior cingulate cortex within
the human frontal lobe: a brain-mapping meta-analysis. Exp. Brain Res. 133, 55–65.
Lange, K., Williams, L.M., Young, A.W., Bullmore, E.T., Brammer, M.J., Williams, S.C., Gray,
J.A., Phillips, M.L., 2003. Task instructions modulate neural responses to fearful
facial expressions. Biol. Psychiatry 53, 226–232.
LeDoux, J.E., 2000. Emotion circuits in the brain. Annu. Rev. Neurosci. 23, 155–184.
LeDoux, J., 2003. The emotional brain, fear, and the amygdala. Cell. Mol. Neurobiol. 23,
727–738.
Lowe, M.J., Mock, B.J., Sorenson, J.A., 1998. Functional connectivity in single and multislice
echoplanar imaging using resting-state fluctuations. NeuroImage 7, 119–132.
Margulies, D.S., Kelly, A.M., Uddin, L.Q., Biswal, B.B., Castellanos, F.X., Milham, M.P., 2007.
Mapping the functional connectivity of anterior cingulate cortex. NeuroImage 37,
579–588.
McClure, E.B., Monk, C.S., Nelson, E.E., Parrish, J.M., Adler, A., Blair, R.J.R., Fromm, S.,
Charney, D.S., Leibenluft, E., Ernst, M., Pine, D.S., 2007. Abnormal attention
modulation of fear circuit function in pediatric generalized anxiety disorder.
Arch. Gen. Psychiatry 64, 97–106.
McNally, R.J., 2007. Mechanisms of exposure therapy: how neuroscience can improve
psychological treatments for anxiety disorders. Clin. Psychol. Rev. 27, 750–759.
Merboldt, K.D., Fransson, P., Bruhn, H., Frahm, J., 2001. Functional MRI of the human
amygdala? NeuroImage 14, 253–257.
Morgane, P.J., Galler, J.R., Mokler, D.J., 2005. A review of systems and networks of the
limbic forebrain/limbic midbrain. Prog. Neurobiol. 75, 143–160.
Morris, J.S., Buchel, C., Dolan, R.J., 2001. Parallel neural responses in amygdala subregions
and sensory cortex during implicit fear conditioning. NeuroImage 13, 1044–1052.
Ochsner, K.N., Ray, R.D., Cooper, J.C., Robertson, E.R., Chopra, S., Gabrieli, J.D., Gross, J.J.,
2004. For better or for worse: neural systems supporting the cognitive down- and
up-regulation of negative emotion. NeuroImage 23, 483–499.
Oldfield, R.C., 1971. The assessment of handedness: the Edinburgh inventory.
Neuropsychologia 9, 97–113.
Pezawas, L., Meyer-Lindenberg, A., Drabant, E.M., Verchinski, B.A., Munoz, K.E.,
Kolachana, B.S., Egan, M.F., Mattay, V.S., Hariri, A.R., Weinberger, D.R., 2005. 5-
HTTLPR polymorphism impacts human cingulate–amygdala interactions: a genetic
susceptibility mechanism for depression. Nat. Neurosci. 8, 828–834.
Phelps, E.A., LeDoux, J.E., 2005. Contributions of the amygdala to emotion processing:
from animal models to human behavior. Neuron 48, 175–187.
Phillips, M.L., Medford, N., Young, A.W., Williams, L., Williams, S.C., Bullmore, E.T., Gray,
J.A., Brammer, M.J., 2001. Time courses of left and right amygdalar responses to
fearful facial expressions. Hum. Brain Mapp. 12, 193–202.
Phillips, M.L., Drevets, W.C., Rauch, S.L., Lane, R., 2003. Neurobiology of emotion
perception I: the neural basis of normal emotion perception. Biol. Psychiatry 54,
504–514.
Pitkanen, A., 2000. Connectivity of the rat amygdaloid complex. In: Aggleton, J.P. (Ed.),
The Amygdala: A Functional Analysis. Oxford University Press, Oxford, pp. 31–115.
Postuma, R.B., Dagher, A., 2006. Basal ganglia functional connectivity based on a meta-
analysis of 126 positron emission tomography and functional magnetic resonance
imaging publications. Cereb. Cortex 16, 1508–1521.
Price, J.L., 2003. Comparative aspects of amygdala connectivity. Ann. N. Y. Acad. Sci. 985,
50–58.
Quirk, G.J., Gehlert, D.R., 2003. Inhibition of the amygdala: key to pathological states?
Ann. N. Y. Acad. Sci. 985, 263–272.
Russchen, F.T., Bakst, I., Amaral, D.G., Price, J.L., 1985. The amygdalostriatal projections in
the monkey. An anterograde tracing study. Brain Res. 329, 241–257.
Schoenbaum, G., Chiba, A.A., Gallagher, M., 2000. Changes in functional connectivity in
orbitofrontal cortex and basolateral amygdala during learning and reversal training.
J. Neurosci. 20, 5179–5189.
Sheline, Y.I., Gado, M.H., Price, J.L., 1998. Amygdala core nuclei volumes are decreased in
recurrent major depression. NeuroReport 9, 2023–2028.
Stein, J.L., Wiedholz, L.M., Bassett, D.S., Weinberger, D.R., Zink, C.F., Mattay, V.S., Meyer-
Lindenberg, A., 2007. A validated network of effective amygdala connectivity.
NeuroImage 36, 736–745.
Swanson, L.W., 2003. The amygdala and its place in the cerebral hemisphere. Ann. N. Y.
Acad. Sci. 985, 174–184.
Swanson, L.W., Petrovich, G.D., 1998. What is the amygdala? Trends Neurosci. 21,
323–331.
Toro, R., Fox, P.T., Paus, T., 2008. Functional coactivation map of the human brain. Cereb.
Cortex 18, 2553–2559.
Uddin, L.Q., Kelly, A.M., Biswal, B.B., Margulies, D.S., Shehzad, Z., Shaw, D., Ghaffari, M.,
Rotrosen, J., Adler, L.A., Castellanos, F.X., Milham, M.P., 2007. Network homogeneity
reveals decreased integrity of default-mode network in ADHD. J. Neurosci. Methods
169, 249–254.
Uddin, L.Q., Clare Kelly, A.M., Biswal, B.B., Xavier, C.F., Milham, M.P., in press. Functional
connectivity of default mode network components: correlation, anticorrelation,
and causality. Hum. Brain Mapp.
Vincent, J.L., Patel, G.H., Fox, M.D., Snyder, A.Z., Baker, J.T., Van Essen, D.C., Zempel, J.M.,
Snyder, L.H., Corbetta, M., Raichle, M.E., 2007. Intrinsic functional architecture in the
anaesthetized monkey brain. Nature 447, 83–86.
Whalen, P.J., Kagan, J., Cook, R.G., Davis, F.C., Kim, H., Polis, S., McLaren, D.G., Somerville,
L.H., McLean, A.A., Maxwell, J.S., Johnstone, T., 2004. Human amygdala responsivity
to masked fearful eye whites. Science 306, 2061.
Woolrich, M.W., Ripley, B.D., Brady, M., Smith, S.M., 2001. Temporal autocorrelation in
univariate linear modeling of FMRI data. NeuroImage 14, 1370–1386.
Wright, C.I., Martis, B., Shin, L.M., Fischer, H., Rauch, S.L., 2002. Enhanced amygdala
responses to emotional versus neutral schematic facial expressions. NeuroReport
13, 785–790.
Zald, D.H., 2003. The human amygdala and the emotional evaluation of sensory stimuli.
Brain Res. Brain Res. Rev. 41, 88–123.
Zald, D.H., Pardo, J.V., 1997. Emotion, olfaction, and the human amygdala: amygdala
activation during aversive olfactory stimulation. Proc. Natl. Acad. Sci. U. S. A. 94,
4119–4124.
Zald, D.H., Donndelinger, M.J., Pardo, J.V., 1998. Elucidating dynamic brain interactions
with across-subjects correlational analyses of positron emission tomographic data:
the functional connectivity of the amygdala and orbitofrontal cortex during
olfactory tasks. J. Cereb. Blood Flow Metab. 18, 896–905.




Classification: BIOLOGICAL SCIENCES / Neuroscience 
Title: Precuneus Shares Intrinsic Functional Architecture in Humans and Monkeys 
Author affiliations: Daniel S. Margulies1,2, Justin L. Vincent3, A.M. Clare Kelly4, Gabriele 
Lohmann2, Lucina Q. Uddin5, Bharat B. Biswal6,7, Arno Villringer1,2, F. Xavier 
Castellanos4,7, Michael P. Milham4, Michael Petrides8. 
1 Berlin School of Mind and Brain, Humboldt Universität, Lusienstraße 56, 10099, Berlin, 
Germany. 
2 Max Planck Institute for Human Cognitive and Brain Sciences, Stephanstraße 1a, 04303, 
Leipzig, Germany.   
3 Department of Psychology, Harvard University, 33 Kirkland Street, WJH 274, Cambridge, 
MA, 02138, USA. 
4 Phyllis Green and Randolph Cowen Institute for Pediatric Neuroscience, NYU Child Study 
Center, 215 Lexington Avenue, New York, NY, 10016, USA. 
5 Department of Psychiatry, Stanford University School of Medicine, Stanford, CA 94304, 
USA. 
6 Department of Radiology, University of Medicine and Dentistry of New Jersey, 150 Bergen 
Street, Newark, NJ, 07103, USA. 
7 Nathan Kline Institute for Psychiatric Research, 140 Old Orangeburg Road, Orangeburg, 
NY, 10962, USA.  
8 Montreal Neurological Institute, McGill University, 3801 University Street, Montreal, 
Quebec, Canada, H3A2B4. 
 
Corresponding authors:  
Michael P. Milham 
Phyllis Green and Randolph Cowen Institute for Pediatric Neuroscience, NYU Child Study 
Center, 215 Lexington Avenue, New York, NY, 10016, USA. Tel: 212.263.2496; email: 
michael.milham@nyumc.org  
Michael Petrides 
Montreal Neurological Institute, McGill University, 3801 University Street, Montreal, 
Quebec, Canada, H3A2B4. Tel: 514.398.8375; email: michael.petrides@mcgill.ca 
Manuscript information: 16 text pages, 6 figures.  
(Supplementary Information: 2 text pages, 4 figures, 1 table.) 
Abbreviations: RSFC, resting state functional connectivity; PMC, posteromedial cortex;  
Data deposition footnote: [Before publication, all human data would be made available on 







Although architectonic examination indicates subdivisions of the human precuneus, it 
continues to be treated as a single homogenous region by neuroimaging studies. Often, the 
precuneus is conflated with the posterior cingulate cortex in describing patterns of activation 
within the posteromedial cortex. However, evidence from macaque monkey tracing studies 
suggests connectivity-based subdivisions within precuneus, offering predictions for similar 
subdivisions in the human. Here we present functional connectivity analyses of regions 
within this region using resting state fMRI data (RSFC) collected from both human and 
monkey brain. Three distinct patterns of connectivity could be demonstrated within the 
precuneus of both species, each subdivision suggesting a discrete functional role: 1. anterior 
precuneus showed functional connectivity with superior parietal cortex, paracentral lobule, 
and motor cortex, suggesting a sensorimotor region; 2. central precuneus was functionally 
connected to dorsolateral prefrontal, dorsomedial prefrontal, and multimodal lateral inferior 
parietal cortex, suggesting a cognitive/associative region; and, 3. posterior precuneus 
displayed connectivity with adjacent visual cortical regions. These connectivity patterns were 
differentiated from the more ventral networks associated with posterior cingulate, which 
connected with limbic structures such as medial temporal cortex, dorsal and ventromedial 
prefrontal, and posterior lateral inferior parietal regions and lateral temporal cortex. Our 
findings were consistent with predictions from anatomical tracer studies in the monkey, and 
provide support that RSFC may reflect underlying anatomy. These subdivisions within 
precuneus suggest that neuroimaging studies will benefit from treating this region as 
anatomically, and therefore functionally, heterogeneous. Furthermore, the consistency 
between connectivity networks in monkeys and humans provides support for RSFC as a 







In comparison with the lateral surface of the parietal lobe, investigation of the functional 
organization of the medial parietal wall has been relatively neglected. Often referred to as the 
precuneus, this region of the cortex has been increasingly implicated in high-level cognitive 
functions, including episodic memory, self-related processing, and aspects of consciousness 
(1-3). Located in the dorsal portion of the posteromedial cortex (PMC) between the 
somatosensory and the visual cortex, superior to the posterior cingulate and retrosplenial 
cortex, the precuneus is well situated to play a multimodal, integrative functional role (Figure 
1). Although it has traditionally been treated as a homogeneous structure in the neuroimaging 
literature, its implication in manifold higher cognitive functions strongly suggests the 
presence of functional subdivisions (2,4). The existence of cytoarchitectonic subdivisions 
within precuneus (5,6) provides further support to the notion that it is likely a heterogeneous 
cortical region. Beyond the tendency to treat precuneus as a unitary region, neuroimaging 
studies often conflate the precuneus and posterior cingulate/retrosplenial cortex in describing 
the localization of findings, further blurring the divisions within the PMC. 
The question of how best to subdivide the human precuneus has been a source of controversy 
for almost a century. The cytoarchitectonic map by Brodmann (1909) as it appears in the 
Talairach and Tournoux atlas (1988) became the basis for the precuneal boundaries used in 
most functional neuroimaging studies. While Brodmann wrote about a gradual 
cytoarchitectural difference between anterior and posterior portions of the precuneus (9), his 
atlas demarcates it as a homogeneous entity, consisting of a medial continuation of lateral 
parietal area 7 (often referred to as area 7m). However, other architectonic atlases (10-13) 
and a recent probabilistic cytoarchitectonic atlas (5,6) suggest that more boundaries between 
subdivisions can be established (Figure 2). 
Experimental anatomical investigations in the monkey have shown that cytoarchitectonic 
differences reflect differences in anatomical connectivity. For over three decades, tracing 
studies in the macaque monkey have demonstrated distinct patterns of anatomical 
connectivity associated with specific subregions of the precuneus and posterior cingulate 
region (14-27). Specifically, experimental tract tracing studies of cortico-cortical connections 
in the macaque demonstrate striking anterior-posterior differentiation within precuneus. 
Based on these connectivity studies, the precuneus of the monkey comprises three distinct 
regions (Figure 1, bottom). The anteriormost part of precuneus (referred to as PEc), along the 
marginal ramus of the cingulate sulcus, has strong connections with medial somatomotor 
regions including supplementary motor cortex and cingulate motor areas, as well as the 
superior parietal cortex (16), suggesting that it represents a zone related to sensorimotor 
processing. The central region (referred to as PGm) is richly connected to higher cognitive 
processing areas within the dorsolateral prefrontal cortex, the multimodal regions of the 
inferior parietal lobule and the superior temporal sulcus (16,22-25), suggesting involvement 
in integrative processing of cognitive information. By contrast, the posteriormost portion 
(referred to as PO), which runs along the dorsal parieto-occipital sulcus, has strong 
connections with the prestriate areas hidden within the depths of the parieto-occipital fissure 
and the cuneus (27), which are related to visual information processing. Furthermore, the 
precuneus as a whole is clearly differentiated from posterior cingulate cortex, which has 
strong connections to limbic* regions including ventromedial prefrontal cortex and the limbic 




basis for specific hypotheses about functional subdivisions and boundaries of the human 
precuneal cortex.   
 
Functional magnetic resonance imaging (fMRI) resting-state functional connectivity (RSFC) 
analyses (29) provide a unique means of mapping functional networks within complex brain 
regions in vivo (30-34). The aim of the present study was to determine whether the patterns of 
anatomic connectivity in tract tracing studies of monkey PMC are preserved in RSFC data 
obtained in vivo, and whether they also reflect patterns observed in the human brain. We first 
conducted RSFC analysis in monkeys in order to test anatomic tracing predictions without 
interspecies confounds, while also providing a methodologically similar basis for cross-
species comparisons with RSFC analysis in humans. Twenty-one seed regions-of-interest 
(ROIs) throughout PMC were manually selected with reference to individual sulcal patterns 
(Figure 3) for eight macaque monkeys and each of 40 human participants (see Supplementary 
Information for detailed description of seed placement). In both the human and monkey 
datasets, voxelwise RSFC analyses for each seed region were performed as previously 
described (30-32). Seed regions exhibiting distinct patterns of functional connectivity were 
identified by visual inspection, and then subjected to direct whole-brain voxelwise 
comparison with one another to ensure that differences were statistically significant. 
Additionally, in order to delineate boundaries and validate subdivisions, independent of 
observer bias, spectral clustering analyses were performed on the seed region time-series. 
Results 
Consistent with predictions from experimental anatomical studies in the macaque monkey, 
three distinct connectivity patterns emerged within precuneus in both monkeys and humans. 
These three functional subdivisions are differentiable across the anterior-posterior extent of 
the precuneus: 1. an anterior sensorimotor-related, 2. a central multimodal/cognitive-related, 
and, 3. a posterior visually-related region. Furthermore, the precuneus as a whole was 
differentiated from the more ventral posterior cingulate/retrosplenial region, which exhibited 
extensive connectivity with limbic regions (Figure 4). Below, these patterns of connectivity 
are described in detail. The descriptions apply to both humans and monkeys, unless stated 
otherwise. (See Figure S1 for voxelwise results in humans and monkeys for each seed, and 
Table S2 for specific cluster results related to each seed region in humans.) 
 
Sensorimotor Anterior Precuneal Region: An anterior dorsal zone along the marginal ramus 
of the cingulate sulcus (seeds 5 and 6) exhibited functional connectivity with sensorimotor-
related areas of the medial surface of the brain. Strong connectivity was observed with the 
adjacent cortex on the paracentral lobule (which is the medial extension of the central 
sensorimotor cortex), medial premotor area 6 (supplementary motor area), and the adjacent 
cingulate motor cortex. On the lateral surface of the brain, there was connectivity with the 
primary motor cortex on the precentral gyrus, premotor area 6, somatosensory area 2 on the 
postcentral gyrus (see Figure 4, row 1, showing seed 6), and secondary somatosensory cortex 
in the parietal operculum and insula. In the human brain, there was additional connectivity 
with the caudalmost part of the parahippocampal region and the superior temporal gyrus.  
These observations are strikingly consistent with those of anatomical tracing studies of the 
corresponding area PEc in monkeys in that the connectivity remains restricted to the 
somatomotor-associated caudal portion of the superior parietal lobule (Case 1, (23), and Case 
1, (22)), and does not cross the intraparietal sulcus to involve multisensory inferior parietal 




tracing studies (Cases 2, 7 and 8, (16)), functional connectivity does not extend more 
anteriorly than the premotor cortex.  
The ventral limit of this somatomotor related zone is difficult to establish in living animals.  
The ventral-most portion (seed 7) of this region, particularly in humans, showed connectivity 
with the anterior part of cuneus next to the parieto-occipital sulcus and anterior calcarine 
sulcus, suggesting the presence of a transitional zone (perhaps related to area 31). This 
observation is not without precedent in the anatomical tracing literature: Parvizi and 
colleagues observed connectivity from this area in monkeys to prostriate areas, located 
adjacent and anterior to the calcarine fissure (see Exps. 12, 13, and 2, (15)).  
Cognitive / Associative Central Precuneus Region: The region in central precuneus 
surrounding the precuneal sulcus, towards the posterior bank and gyrus (in humans, seeds 14 
and 15; in monkeys, seeds 10, 14 and 15) exhibited functional connectivity with the 
multisensory posterior inferior parietal lobule (especially the angular gyrus in the human 
brain), and, in monkeys, the homologous region that involves cortex surrounding the caudal 
superior temporal sulcus. There was also significant connectivity with dorsolateral prefrontal 
cortex in both humans and monkeys (area 10, area 46 within the intermediate frontal sulcus 
in the human brain, and area 8 on the middle frontal gyrus), but no connectivity was present 
with premotor, motor or sensory areas.  
The transition from sensorimotor-related superior parietal connectivity to cognitive-related 
inferior parietal connectivity (Figure 4, rows 1 and 2) is consistent with the macaque tracing 
literature. The superior parietal cortex is connected with cingulate motor areas, while inferior 
parietal areas are connected only to cingulate gyrus (compare Cases 1 and 2 with 15 and 16 
(24)). In line with these observations, functional connectivity of the central precuneal region 
in monkeys was found with dorsolateral prefrontal cortex, predominantly dorsal to the sulcus 
principalis. Similarly, anatomical connectivity to dorsal prefrontal areas anterior to the 
arcuate sulcus was only observed for inferior parietal areas, retrosplenial cortex and ventral 
PGm (central precuneal region), but not areas along the marginal ramus or dorsal precuneus 
(Cases 2 and 6, (35)). Both monkeys and humans also exhibited connectivity with dorsal 
portions of medial prefrontal cortex (see Figure 4, S1 and Table S2: seeds 13 and 14), but 
much less than exhibited by the ventrally adjacent posterior cingulate cortex. 
The cognitive functional role we ascribe to this central precuneal region, described as PGm in 
the monkey (25), is suggested by its strong functional connectivity with multisensory area PG 
of the posterior inferior parietal cortex and adjacent caudal superior temporal sulcus which, in 
the human brain, is the angular gyrus (Case 8, (25)), and with dorsal prefrontal cortex (Cases 
8 and 9, (24)). These dorsal prefrontal areas have been implicated in higher order executive 
processing, such as monitoring of information in working memory and action planning (36). 
Furthermore, the functional connectivity found with dorsomedial prefrontal areas 8B and 
portions of medial area 32 is also consistent with the tracing literature (Case 2, (22); Case 15, 
(24)). 
Visual Posterior Precuneal Region: The zone along the dorsal portion of the parieto-occipital 
sulcus (seeds 17-19),† shows strong functional connectivity with visually-related cortex of the 
cuneus and lateral prestriate region. In humans, the ventral portion of this region (seed 17) 
exhibited connectivity with the posterior fusiform gyrus. More ventrally (seed 18), there was 
connectivity with retrosplenial and posterior cingulate cortex, suggesting the presence of a 




This transition to connectivity with limbic regions is in contrast to the pattern of connectivity 
observed for seeds located just rostral to these areas (e.g., seed 14), which instead exhibit 
connectivity with inferior parietal and dorsal prefrontal cortex on the lateral surface of the 
brain, again reinforcing the distinction of central precuneus as a cognitive area that is not 
centrally linked to limbic regions. It is noteworthy that there was no functional connectivity 
between this more visual, posterior section of precuneus and the somatomotor-related 
anterior area of precuneus, providing further evidence of segregation between the anterior 
(sensorimotor) and posterior (visual) portions (Figure 4, row 3; also, Figures S3 and S4).  
Limbic Connectivity Differentiates Precuneus from Posterior Cingulate/Retrosplenial 
Region: The ventral PMC (seeds 1-4, 8, 12, 16, 20, 21), comprising the cingulate gyrus and 
the adjacent retrosplenial cortex hidden within the callosal sulcus around the splenium, 
demonstrated functional connectivity with limbic regions such as anterior cingulate, 
paracingulate, and medial prefrontal cortex, as well as dorsolateral prefrontal cortex and 
inferior parietal lobule, extending in humans as far as the ventral part of the parieto-occipital 
sulcus (Figure 4, row 4; Figure S1: seeds 19 and 20). The connectivity of this ventral region 
of the PMC is distinguished from that of the precuneus in our findings and, also, in the 
macaque monkey tracing studies by 1. its connectivity with ventromedial prefrontal cortex 
(19)? Case 1, (16)) and 2. its connectivity in humans with the limbic medial temporal region, 
including the parahippocampal gyrus and hippocampus (Cases 1, 3, and 5, (37); (38)).
Within the posterior cingulate region, clear differences were also noted between anterior and 
posterior portions (Figures 6 and S1). In humans, while posterior area 23 exhibited 
connectivity that was primarily localized to proximal posterior regions, the anterior section of 
area 23 (seed 4, 12), as well as all of what may be considered transitional area 31†† (seed 8), 
exhibited widespread connectivity with dorsal medial frontal cortex. This pattern of dorsal 
medial prefrontal connectivity was completely absent for areas above the subparietal sulcus 
(e.g., compare human seeds 12 and 14 in S1). In monkeys, retrosplenial cortex (seeds 2 and 
3) also exhibited similar dorsal medial prefrontal connectivity. These observations are also 
consistent with the tracing literature, in which connectivity between areas 23/31 and area 32 
in dorsal medial prefrontal cortex remained rostral to the genu of the corpus callosum (Case 
3, (16)). 
Clustering Analysis of Seed Regions: Spectral clustering of the time-series from the seed 
regions within PMC (Figures 5 and S5) revealed subdivisions in humans and monkeys that 
were consistent with the subdivisions observed through visually parsing voxelwise functional 
connectivity analyses. Aside from the three precuneus clusters, the posterior cingulate was 
also divided into a dorsal and ventral region, reflecting previously noted functional divisions 
that are beyond the scope of the present study (39).  
Discussion 
The majority of functional analyses of PMC fail to distinguish subdivisions within precuneus 
and posterior cingulate cortex, presumably due to the dominant influence of Brodmann’s 
atlas on the functional neuroimaging literature (8). Applying functional connectivity analyses 
to resting state fMRI data acquired from both humans and macaque monkeys, we observed 
clear distinctions between the patterns of connectivity both within and between these regions, 
which are supported by classical and recent anatomical studies. Three distinct and novel 
connectivity patterns were discerned within the precuneus that suggest anterior-to-posterior 
anatomical/functional subdivisions. These are: 1. an anterior zone along the marginal ramus 




central cognitive/multimodal zone which exhibits functional connectivity with the posterior 
part of the inferior parietal lobule and the adjacent superior temporal sulcus (in the human 
brain the morphological structure known as the angular gyrus, corresponding to area PG and 
caudal superior temporal sulcus in the monkey) and dorsolateral prefrontal cortex; and, 3. a 
posterior zone along the parieto-occipital sulcus, which exhibited functional connectivity 
with visual prestriate cortex in the cuneus and the dorsal lateral occipital region (see Figure 6 
for summary of findings in humans). Despite substantial differences in the methods of data 
acquisition in monkeys and humans,§ the subdivision-specific connectivity patterns were 
remarkably consistent between species, and with predictions from previous tracing studies. 
Future functional neuroimaging studies should consider the substantial heterogeneity of the 
posteromedial cortex.  
Anatomic Validation: While noninvasive neuroimaging techniques, such as RSFC, provide 
intricate statistical maps that appear to reveal underlying neuronal circuitry, the anatomical 
foundations of connectivity patterns revealed by this approach remain uncertain. Anatomical 
tracing studies in the monkey remain the gold standard for examining connectivity: they 
define the cortical areas within which particular axons arise, the trajectories and precise 
termination within specific target cortical areas. Despite obvious differences in scale and 
complexity between human and macaque brains, the RSFC relationships we observed in vivo 
were largely consistent with anatomical tracing studies in the monkey. This translational 
confirmation of the general patterns of precuneus and posterior cingulate RSFC is largely 
consistent with the circuitry of these regions in the macaque, suggesting that this emerging 
technique does reflect aspects of underlying anatomical connectivity. Recent comparisons of 
structural and functional connectivity in humans also support a relationship between these 
measures (40-42). This increasing evidence for the validity of RSFC encourages its use as a 
powerful tool for cross-species comparative studies of functional architecture that avoids the 
problems inherent in using functional tasks for comparison (43,44).  
Relevance to Human Functional Literature: The Brodmann (1909) map used in modern 
functional neuroimaging identifies the precuneus as a unitary functional entity, termed medial 
area 7. A new probabilistic atlas of superior parietal cortex (including precuneus), based on 
cytoarchitectonic divisions across 12 brains, offers a more reliable map of subdivisions in this 
region (5,6) (also see Figure 2). This tool will no doubt facilitate more detailed specification 
of activation loci in the future. However, the relationships between anatomical and functional 
subdivisions are not always straightforward. In the neuroimaging literature, the lack of 
consensus in differentiating the precuneus from the posterior cingulate/retrosplenial cortex 
may have resulted in misattribution of function.  
More complex distinctions have been recently suggested. In a review of functional activation 
studies of the precuneus, Cavanna and Trimble distinguish an anterior region involved in 
self-centered mental imagery strategies from a posterior region associated with successful 
retrieval of episodic memory (2). They further attributed a subdivision of the precuneus to the 
processing of visuo-spatial imagery.  
Relevance to Human Functional Connectivity Literature: The functional connectivity 
between the precuneus and primary motor cortex, which we found to be specific to its 
anterior portion, was previously reported (see fig. 3b (29),and fig. 4b (45)). The region in 
central precuneus in and around the posterior precuneal sulcus (seed 14), which we 
functionally describe as a cognitive/associative network may relate to earlier reports of a 
frontoparietal control system (32,46-49). Aspects of this network were also identified in the 




network as specifically linked to both the rostral posterior cingulate and the central precuneus 
(32,47,49). With regard to our finding of posterior precuneus connectivity with visual cortex, 
it is interesting to note the report of a sparse set of ‘bridge’ connections between these 
modules in the human brain (50). 
The Precuneus and the Default-Mode Network: The inclusion of the PMC in the ‘default-
mode’ network has become a truism. Indeed, this broad region has been suggested to be a 
“core node” or “hub” of the default-mode network (40,51). However, recent work with high-
resolution RSFC data has suggested the precuneus is not a component of the default-mode 
network, which rather has a dorsal terminus near the subparietal sulcus (52). Our findings 
support this view, as we observed parahippocampal and ventral medial prefrontal 
connectivity, which is characteristic of the default-mode network (34,46,52-56), exclusively 
with the more ventral posterior cingulate gyrus (including human seeds 4, 12, 16, 20, and 21). 
Interestingly, the dorsal posterior cingulate seeds (12 and 16) were less correlated with the 
medial temporal lobe and more correlated with the lateral temporal cortex, which is 
reminiscent of the connectivity of perirhinal cortex, although perirhinal cortex was not 
identified in the present analyses (34). The most ventral posterior cingulate seeds (including 
seeds 20 and 21) were correlated with a system of regions closely corresponding to the 
hippocampal and parahippocampal network previously identified as responsive to 
recollection (34,49,55). Of note, the rostral posterior cingulate (seed 4) was correlated with 
two distinct networks, including the frontoparietal control system as well as aspects of the 
hippocampal cortical memory system, including ventral prefrontal cortex and 
parahippocampus (Figure S1). This is consistent with a recent report showing a region in 
rostral posterior cingulate that appears to be transitional, correlating with both the anterior 
prefrontal cortex and the hippocampal formation (50). Nonetheless, the divergent findings 
across studies with respect to dorsal-ventral boundaries of the default-mode network may be 
sensitive to preprocessing steps (such as smoothing kernel size) and statistical methods. Thus, 
our findings in this regard should be treated as preliminary.
Limitations: The scope of this paper was restricted to addressing subdivisions based on 
cortico-cortical connections. Of course, subcortical as well as cerebellar connectivity may 
also be relevant. However, the extensive monkey anatomical literature available regarding the 
PMC of the macaque allows for the generation of specific hypotheses regarding cortico-
cortical connectivity and the relating of such connectivity to known or presumed functional 
regions, such as somatomotor, higher cognitive multisensory and visual related cortical 
zones. Although we took various measures to limit variability across subjects (such as the 
selection of seed regions from individual anatomy), the statistical analyses were still carried 
out in standard stereotaxic space. In an attempt to balance the maintenance of individual 
specificity with the need for conducting group-level analyses, Gaussian smoothing was 
conducted with a reduced 4.5mm kernel (rather than the 6mm previously used). This smaller 
smoothing kernel may also have facilitated more specific localization, especially with respect 
to precuneus/posterior cingulate subdivision. 
Conclusions: While the resurgence of interest in the precuneus has generated novel research 
questions regarding high-level cognition (1-3), it would be erroneous to over-attribute 
functional roles in the absence of clear evidence. The search for common denominators of 
these functions must be accompanied by efforts to delineate functional subdivisions based on 
anatomical evidence. We suggest that a more complete understanding of the potential 
involvement of precuneus in a diverse array of clinical and psychiatric conditions, as well as 
a wide range of cognitive tasks, may benefit from the consideration of functional boundaries 




subdivisions based on precuneal connectivity patterns observed in the human brain, which are 
related to tracing studies in the macaque monkey, serve as initial markers for further 
investigation. 
We have shown that precuneus and other areas within the PMC comprise a series of related 
but discrete regions that participate in distinct functional networks. This differentiation is 
especially important considering the rise of interest in the default-mode network, the 
posterior component of which is typically referred to as a single homogenous region, 
‘posterior cingulate/precuneus’. The clear differentiation of the precuneus into three 
functionally relevant anterior-posterior subdivisions merits further attention in the evaluation 
of activation/connectivity loci within the region. Further work is needed to understand how 
the complexity of precuneus, and its interactions in several large-scale networks which have 




Data Acquisition  
Humans: Data reported here were collected as part of several previously published studies 
(30-32,57-60). Forty right-handed native English-speaking participants were included in our 
study (20 f; mean age: 28.6 ± 7.6). Subjects had no history of psychiatric or neurological 
illness as confirmed by psychiatric clinical assessment. Signed informed consent was 
obtained prior to participation, and the study was approved by the institutional review boards 
of the NYU School of Medicine and New York University. A Siemens Allegra 3.0 Tesla 
scanner equipped for echo planar imaging (EPI) was used for data acquisition. For each 
participant, we collected 197 contiguous EPI functional volumes (TR = 2000 ms; TE = 25 
ms; flip angle = 90, 39 slices, matrix = 64x64; FOV = 192 mm; acquisition voxel size = 
3x3x3 mm). Complete cerebellar coverage was not possible for all subjects. During the scan, 
subjects were instructed to rest with eyes open while the word “Relax” was projected center-
screen in white against a black background. For spatial normalization and localization, a 
high-resolution T1-weighted anatomical image was then acquired using a magnetization 
prepared gradient echo sequence (MPRAGE, TR = 2500ms; TE = 4.35ms; TI = 900ms; flip 
angle = 8; 176 slices, FOV = 256mm). 
Monkeys: The data used in this study was previously published by Vincent and colleagues 
(43), and made freely available online (http://www.brainscape.org/). Eight Macaca 
fascicularis monkeys were anesthetized with isoflurane, and scanned on a Siemens Allegra 
3.0 Tesla scanner over several sessions (300 volumes/session, TR=3020ms, TE=25ms, flip 
angle = 90, 52 slices, voxel size=1.5x1.5x1.5mm). The first 1800 volumes collected for each 
monkey (which was the minimum number of volumes available for any monkey) were used 
for subsequent connectivity analyses.  
Functional Connectivity Analysis 
Preprocessing: After individual spherical seed regions were created for each individual, 
human data was put through similar processing paths as previously described (30-32). 
(31,32,61). Initial image preprocessing, including: motion correction, despiking, and slice 
time correction, was done using AFNI (afni.nimh.nih.gov/afni). Subsequent preprocessing, 
including: spatial filtering (FWHM=4.5mm), temporal bandpass filtering, and spatial 




registration were then carried out using FSL (www.fmrib.ox.ac.uk). Functional data were 
individually registered to a standard space (MNI152) and resampled at 1x1x1 mm voxels. 
The monkey preprocessing (smoothing/filtering) was different (see (43) for details). 
  
Seed Selection and Time-series Extraction: Seeds were selected on a subject-by-subject basis 
with respect to individual sulci patterns after the individual anatomical scans had been 
registered to standard space (see SI Methods for details of seed selection). Seed placement 
ensured at least 6mm distance separating all seeds. Table S2 shows the averaged coordinates 
of each seed point across human individuals (also see Figure 3 for general location with 
respect to sulci patterns in both humans and monkeys). Spherical ROIs (humans: 3mm 
radius; monkeys: 1.5mm radius) were generated around each seed coordinate. Time-series 
were extracted from averaged voxels within each ROI mask. 
Statistical Analyses: For each individual seed, a multiple regression analysis (using the GLM 
implemented in FSL’s FEAT) was performed, in which the seed time-series and nine 
nuisance covariates (global signal, time series from seed location in white matter and 
cerebrospinal fluid; and six motion parameters) were regressed on each individual’s 4-D 
preprocessed volume. Individual seed time- series were orthogonalized with respect to the 
nuisance covariates. This analysis produced individual subject-level maps of all voxels 
positively- and negatively-correlated with each seed. Comparisons of four selected seed 
regions were also tested by contrasting on an individual level using a fixed-effects model (see 
Figures S3 (human) and S4 (monkeys)). Group-level analyses were carried out using a 
mixed-effects model (FLAME) as implemented in FSL. Corrections for multiple comparisons 
were carried out at the cluster level using Gaussian random field theory (min Z > 2.3; cluster 
significance: p < 0.05, corrected). This group-level analysis produced thresholded z-score 
maps of the networks associated with each seed. Although negative correlations also were 
detected on the group level, they are beyond the focus of this study and not discussed. 
Spectral Clustering of 21 Seed Regions: Time-series from each seed region were obtained 
after orthogonalization to nuisance covariates. Correlation matrices comparing each seed 
region within subjects were created. We transformed the correlation values using Fisher's 
transform log((1+r)/(1-r)) and averaged across all transformed correlation matrices (62). We 
then applied spectral clustering to the averaged correlation matrix. The number of clusters is 
a free parameter. In order to avoid an arbitrary choice of this parameter, we used cross 
validations to determine the number of clusters which yielded optimal consistency. This was 
tested by randomly dividing the group in half and comparing the two clustering results using 
Cramer’s V. Cramer's V has values in the interval [0,1] where high values indicate good 
consistency. A value of '1' indicates a perfect match. The consistency check was performed 
for 2,3,4,5,6,7,8 and 9 number of clusters. It yielded local maxima for cluster number = 4 for 
humans, and 5 for monkeys (Figure 5). 
Acknowledgements 
The authors thank David Stark for assistance with manual seed selection in humans and 
Amelie Diester for manual seed selection in monkeys. This work was supported by the 
Stavros S. Niarchos Foundation and NIDA (DA016979), and the Berlin School of Mind and 
Brain. The monkey data was originally funded by NINDS (NS 06833) and discretionary 
research funds from the Mallinckrodt Institute of Radiology at Washington University, and 





* The authors are aware of the controversy surrounding the ‘limbic’ theory of emotion 
processing (e.g., (63)), and use the term throughout to refer to the cortical areas of the ‘limbic 
lobe’ (e.g., (10)), including the cingulate cortex and medial temporal lobe.  
† The seed regions along the parieto-occipital sulcus are particularly problematic for human-
monkey comparisons. Anatomical studies in the macaque monkey show that the cortex along 
the parieto-occipital sulcus does not belong architectonically to PGm, but is instead part of 
prestriate area 19, referred to as area PO (25). In humans, von Economo and Koskinas noted 
a third cytoarchitectonic division along the dorsal parieto-occipital sulcus, which they termed 
PGγ. Vogt also noted this distinction, delineating areas 83 and 83I within posterior precuneus 
(11)(Figure 2), as has a more recent probabilistic atlas (6). However, this area is still 
cytoarchitectonically related more closely to other areas within precuneus (PEm and PEp 
(10)), than to visual cortex. Nonetheless, we cautiously address the similarities found in the 
functional connectivity in both species, and acknowledge the need for further studies 
examining the functional homologues in humans in monkeys (64).  
†† Many of the seeds located in the cytoarchitectonic transition zone, area 31, demonstrated 
mixed patterns of connectivity that were not easily categorized. This region exhibited both 
limbic-type functional connectivity with ventral medial prefrontal areas, as well as more 
somatomotor connectivity associated with the adjacent dorsal precuneal regions. Seed 8 also 
showed connectivity with the paracentral lobule and central and precentral premotor areas—
all of which are more typical of the seeds located along the anterior precuneus. Seed 4 
exhibited a similar pattern of connectivity to seed 8, though without the involvement of 
motor-related areas. Despite these complicated patterns of connectivity, seed 8, (and to a 
lesser extent in the monkeys, aspects of seed 7) exhibited connectivity consistent with 
previous tracing studies (see SI figs. 9 and 11 (15)). Nonetheless, the difficulties we 
experienced in discerning a distinct pattern of connectivity for area 31 in humans is 
consistent with reflections in the monkey literature that the seemingly ambiguous 
connectivity pattern of area 31 may be due to its location between areas 23 and 7m.  
§ One such example is the use of isoflurane anesthetic solely with the monkey. Although the 
effects of anesthesia on resting-state fMRI activity have been studied (65-68), its potential 
impact on the monkey brain is difficult to predict. Anesthetics can directly influence cerebral 
blood flow via vasodilating properties, but they also differentially modulate neural activity in 
certain brain areas and thus indirectly also affect cerebral blood flow. For example, isoflurane 
in humans affects (probably directly and indirectly) cerebral blood flow in healthy subjects 
studied using positron emission tomography (69). Left parahippocampal areas in humans 
were also affected by isoflurane (70), which may be relevant to the lack of medial temporal 
connectivity in monkeys.? 
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Figure 1: Top: The human neuroanatomy of posteromedial cortex including precuneus 
(medial area 7) and the posterior cingulate. The precuneus is located between the marginal 
ramus of the cingulate sulcus and the parietal-occipital sulcus. Area 31 is a cytoarchitectonic 
transition area that separates precuneus from cingulate cortex. Bottom: The macaque monkey 
neuroanatomy of posteromedial cortex with divisions primarily delineated from anatomical 
connectivity studies.
Figure 2: Architectonic anatomical maps of proposed subdivisions within precuneus. 
Figure 3: Placement of 21 seed regions in both monkeys (left) and humans (right). 
Description of seeds in relation to sulcal landmarks and average coordinates in MNI152 
space can be found in Supplementary Information and Table S2.  
Figure 4: Four seed regions were selected which exemplified the markedly different patterns 
described in the results. (The results of voxelwise analyses for all seeds can be seen in Figure 
S1, and statistical results for human seeds in Table S2.) Here presented are the results of 
these four specific seed regions (left column), which have been classified by the functional 
roles implied by their connectivity patterns. The results are compared to the anatomical 
connectivity findings in monkeys from the respective seed region. 
 
Figure 5: Optimized clustering results in monkeys and humans. See Figure S5 for further 
clustering results.  
 
Figure 6: Summary of connectivity patterns emerging from three precuneus subdivisions and 
posterior cingulate. At the bottom are specific slices, which are displayed in order to clarify 
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Human Seed Placement: Seeds were selected in the right hemisphere on each individual brain 
after transformation to standard MNI152 space with the following criteria (descriptions are 
for human seeds only): 
Seed 1:  Located in subsplenial cortex within the sulcus, corresponding 
cytoarchitectonically to areas 29/30. 
Seed 2:  Located in suprasplenial cortex within the sulcus, corresponding 
cytoarchitectonically to areas 29/30. 
Seed 3:  Located in the suprasplenial cortex on the cingulate gyrus, corresponding to area 
23.   
Seed 4:  Located in the middle of the splenium in the y-axis, within the cingulate gyrus. 
Seed 5:  Located in the dorsal-most part of the marginal ramus of the cingulate sulcus, 6mm 
posterior to it.  
Seed 6: Located at the center of the marginal ramus of the cingulate sulcus, 6mm posterior 
to it. 
Seed 7: Located in the ventral-most part of the marginal ramus of the cingulate sulcus, 
6mm posterior to it.  
Seed 8: Located 6mm ventral to the cingulate sulcus, within 6mm of seed 4 in the y-axis. 
Seed 9: Located approximately 10mm posterior to seed 5. Depending on sulcal location, 
the row running from seed 9 to 12 was located on the gyrus posterior to the 
precuneal sulcus. 
Seed 10: Located ventral to seed 9 along the sulcus. 
Seed 11: Located ventral to seed 10 along the sulcus. 
Seed 12: Located ventral to the subparietal sulcus, in line with seeds 9-11. 
Seed 13: Located approximately 10mm posterior to seed 9. Depending on sulcal location, 
the row running from seed 13 to 16 was located 10mm posterior to the precuneal 
sulcus. 
Seed 14: Located ventral to seed 13 along the sulcus. 
Seed 15: Located ventral to seed 14 along the sulcus. 
Seed 16: Located ventral to seed 15 along the sulcus. 
Seed 17: Located approximately 10mm posterior to seed 13 and 6mm anterior to the 
parietal-occipital sulcus. 
Seed 18: Located ventral to seed 17, 6mm anterior to the parietal-occipital sulcus. 
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Seed 19: Located centrally on the parietal-occipital sulcus. 
Seed 20: Located ventral to seed 19 along the parietal-occipital sulcus. 
Seed 21: Located ventral to seed 20 along the parietal-occipital sulcus and slightly dorsal of 
seed 1 in the z-axis. 
SI Figure/Table Legends 
S1: Surface maps for all human and monkey seeds (p > 0.05, corrected). 
S2: Table of local peaks and clusters associated with each seed region in humans (coordinates 
in standard MNI152 space). Each seed coordinate is given as an average of all individuals. 
 
S3: Contrasts of motor (seed 6), cognitive (seed 14), visual (seed 17), and limbic (seed 4) in 
humans. The rows are the results of the positive contrasts with seed regions listed in the 
columns. 
S4: Contrasts of motor (seed 6), cognitive (seed 15), visual (seed 19), and limbic (seed 4) in 
monkeys. Seeds used here are different from those used for visual comparison in Figure 5. 
While the selection of seed 18 was more appropriate to allow for analogous visual 
comparison of humans and monkeys, seed 19 is more representative of the ‘visual’ network 
when comparing visual regions in humans and monkeys. The rows are the results of the 
positive contrasts with seed regions listed in the columns.  
S5: (A) Average Cramer’s V as an indication of clustering consistency, as described in 















































Table S2. Functional Connectivity with 21 Seed Regions in Human
Seed Region BA x y z Peak Z Cluster Cluster Sig.
x y z # voxels p value
1 Subsplenial/Retrosplenial Cort. 29/30 -1 -40 3 – 4519 4.86 x 10
-28
-4 -45 8 Retrosplenial Cortex 29/30 -4 -46 8 8.87 – –
Posterior Cingulate Cortex 23 4 -50 10 6.81 – –
Retrosplenial Cortex 29/30 6 -44 6 6.46 – –
Retrosplenial Cortex 29/30 8 -42 10 6.34 – –
Subsplenial Cortex 30 8 -40 2 6.13 – –
Subsplenial Cortex 29/30 12 -34 8 4.8 – –
2 Posterior Cingulate Cortex 23 -3 -42 25 – 1535 1.36 x 10
-12
-3 -45 23 Posterior Cingulate Cortex 23 -4 -46 24 9.22 – –
Posterior Cingulate Gyrus 23 2 -46 24 7.57 – –
Posterior Cingulate Cortex 23 2 -40 22 5.93 – –
Posterior Cingulate Cortex 23 -4 -34 24 4.78 – –
Posterior Cingulate Gyrus 23 -4 -20 26 3.89 – –
Posterior Cingulate Gyrus 23 0 -18 34 3.88 – –
3 Angular Gyrus 39 -34 -59 39 – 777 1.79 x 10
-7
-2 -39 27 Intraparietal Sulcus 39/7 -28 -70 26 4.22 – –
Angular Gyrus 39 -42 -60 38 4.13 – –
Superior Parietal Lobule 7 -30 -62 48 4.06 – –
Supramarginal Gyrus 40 -44 -50 46 4.04 – –
Intraparietal Sulcus 39 -32 -58 34 3.99 – –
Intraparietal Sulcus 39 -24 -70 36 3.67
Posterior Cingulate Cortex 23 1 -37 27 – 756 2.38 x 10
-7
Posterior Cingulate Gyrus 23 -2 -38 28 7.86 – –
Posterior Cingulate Gyrus 23 10 -22 28 3.41 – –
Mid-Cingulate Gyrus 23 6 -14 28 3.06 – –
Angular Gyrus 39 38 -55 41 – 467 6.77 x 10
-5
Angular Gyrus 39 40 -48 40 4.55 – –
Angular Gyrus 39 44 -48 42 4.49 – –
Angular Gyrus 39 44 -58 46 3.5 – –
Supramarginal Gyrus 40 40 -50 32 3.1 – –
Intraparietal Sulcus 39/7 22 -64 36 2.9 – –
Intraparietal Sulcus 39/7 32 -66 42 2.89 – –
4 Caudal Anterior Cingulate 24 4 38 22 – 6175 4.6 x 10
-34
-2 -36 35 Middle Frontal Gyrus 8 34 22 50 5.58 – –
Middle Frontal Gyrus 8 -28 28 48 5.36 – –
Middle Frontal Gyrus 8 -22 26 44 5.33 – –
Middle Frontal Gyrus 8 -20 30 46 5.22 – –
Middle Frontal Gyrus 9/46 50 28 26 5.22 – –
Superior Frontal Gyrus 9 18 42 46 4.85 – –




Posterior Cingulate Gyrus 23/31 0 -36 36 9.5 – –
Posterior Cingulate Gyrus 23/31 -12 -42 28 3.4 – –
Cingulate Gyrus / Precuneus 31/7 4 -52 38 3.04 – –
Angular Gyrus 39 47 -61 37 – 971 7.48 x 10
-9
Angular Gyrus 39 56 -58 32 5.34 – –
Angular Gyrus 39 44 -74 36 4.68 – –
Angular Gyrus 39 52 -46 42 4.26 – –
Intraparietal Sulcus 39 40 -58 36 4.1 – –
Angular Gyrus 39 50 -68 36 4.08 – –
Angular Gyrus 40 44 -66 48 4.05 – –
Angular Gyrus 39 -43 -64 41 – 617 3.76 x 10
-6
Angular Gyrus 39 -36 -76 42 3.94 – –
Supramarginal Gyrus 40 -52 -54 46 3.87 – –
Inferior Parietal Lobule 39/40 -46 -54 40 3.87 – –
Inferior Parietal Lobule 39/40 -48 -60 44 3.85 – –
Angular Gyrus 39 -32 -82 40 3.57 – –
Angular Gyrus 39 -38 -70 48 3.51 – –
Parahippocampal Gyrus 28/36 -28 -33 -15 – 274 6.0 x 10
-3
Parahippocampal Gyrus 28/36 -28 -30 -16 3.94 – –
Parahippocampal Gyrus 36 -24 -40 -10 3.7 – –
Parahippocampal Gyrus 35/36 -16 -38 -12 3.38 – –
Hippocampus 27 -24 -38 -6 3.37 – –
Hippocampus 27 -26 -34 -8 3.24 – –
Hippocampus 27 -34 -18 -22 3.06 – –
Mid-Cingulate Gyrus 24 0 -3 26 – 257 9.2 x 10
-3
Mid-Cingulate Gyrus 24 0 2 26 4.98 – –
Mid-Cingulate Gyrus 24 -2 -12 28 4.21 – –
Lingual Gyrus 17 1 -58 8 – 236 0.0158
Posterior Cingulate Cortex 23 -4 -58 8 4.08 – –
Posterior Cingulate Cortex 23 8 -54 6 3.71 – –
Post. Cing./Parieto-Occip. Sulc. 23 10 -56 10 3.59 – –
Intracalcarine at PO Sulcus 17 -2 -68 14 3.37 – –
Post. Cing./Parieto-Occip. Sulc. 17 -18 -60 8 3 – –
Lingual Gyrus 17 -16 -54 0 2.79 – –
Inferior Frontal Gyrus 46 -45 28 19 – 212 0.0298
Middle Frontal Gyrus 46 -46 34 24 3.29 – –
Inferior Frontal Sucus 9/46 -36 24 18 3.22 – –
Inferior Frontal Gyrus 9/46 -46 26 16 3.2 – –
Middle Frontal Gyrus 46 -50 30 24 3.17 – –
Inferior Frontal Sulcus 45 -52 26 26 3.01 – –
Inferior Frontal Gyrus 45 -56 26 14 2.8 – –
Inferior Temporal Sulcus 21/20 -57 -40 -14 – 212 0.0298
Inferior Temporal Gyrus 20 -54 -40 -18 4.14 – –
Inferior Temporal Sulcus 20 -58 -40 -14 4.12 – –
Inferior Temporal Sulcus 37 -54 -46 -10 3.96 – –
Inferior Temporal Gyrus 37 -46 -48 -8 3.89 – –
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Middle Temporal Gyrus 21 -62 -32 -14 3.64 – –
Inferior Temporal Gyrus 20 -64 -34 -22 3.39 – –
5 Dorsal Anterior Precuneus -1 -48 64 – 2048 1.67 x 10
-16
-3 -51 65 Dorsal Anterior Precuneus 7 0 -52 66 7.5 – –
Dorsal Anterior Precuneus / SPL 7 -6 -56 70 6.46 – –
Dorsal Anterior Precuneus / SPL 7 -6 -54 66 6.18 – –
Paracentral Lobule 4 -2 -42 70 6.08 – –
Dorsal Anterior Precuneus / SPL 7 -6 -52 70 6.05 – –
Paracentral Lobule 4 2 -38 70 5.97 – –
Mid-Cingulate Gyrus 24 2 -5 42 – 234 0.0105
Mid-Cingulate Gyrus 24 4 -16 42 3.91 – –
Caudal Anterior Cingulate 24 4 6 42 3.51 – –
Cingulate Gyrus / Paracentral Lob. 31/4 14 -24 48 3.33 – –
Mid-Cingulate Gyrus 24 -2 0 40 3.32 – –
Mid-Cingulate Gyrus 24 0 -6 42 3.25 – –
Caudal Anterior Cingulate 24 4 6 34 3.19 – –
6 Paracentral Lobule 4 -2 -36 59 – 7134 2.41 x 10
-39
-2 -47 58 Mid-Dorsal Anterior Precuneus 7 -2 -48 58 7.31 – –
Mid-Dorsal Anterior Precuneus 7 4 -46 58 7.24 – –
Anterior Precuneus / SPL 7 12 -50 58 5.84 – –
Postcentral Gyrus 5 18 -36 62 5.8 – –
Superior Parietal Lobule 7 30 -42 58 5.39 – –
Anterior Marginal R. of Cing. S. 4 -12 -42 58 5.37 – –
Superior Temporal Gyrus 41 -50 -21 6 – 751 1.19 x 10
-7
Superior Temporal Gyrus 41 -50 -26 8 4.26 – –
Superior Temporal Gyrus 41 -58 -20 8 3.93 – –
Superior Temporal Gyrus 42 -60 -34 10 3.81 – –
Transverse Temporal Gyrus 41 -36 -30 10 3.67 – –
Insula 43 -38 -4 -2 3.66 – –
Central Operculum 43 -38 -20 20 3.63 – –
Transverse Temporal Gyrus 41 56 -24 11 – 412 1.44 x 10
-4
Planum Temporale 41 36 -32 16 3.75 – –
Superior Temporal Gyrus 22 56 -28 16 3.52 – –
Superior Temporal Gyrus 22 52 -14 -6 3.33 – –
Superior Temporal Gyrus 22 58 -36 20 3.27 – –
Postcentral Gyrus 5 66 -10 22 3.26 – –
Parietal Operculum 40 64 -8 10 3.25 – –
Lingual Gyrus 17 19 -47 -3 – 251 7.49 x 10
-3
Lingual Gyrus 17 20 -48 -2 4.68 – –
Lingual Gyrus 17 16 -38 -6 4.03 – –
Isthmus 30 16 -40 0 3.13 – –
Anterior Calcarine Sulcus 17 16 -50 6 2.89 – –
Lingual Gyrus 17 10 -40 -8 2.89 – –
7 Intracalcarine Cortex 17 1 -71 12 – 3031 2.33 x 10
-21
-2 -44 51 Cuneal Cortex 19 6 -80 34 4.91 – –
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Cuneal Cortex 19 10 -82 32 4.72 – –
Lingual gyrus 18 0 -78 0 4.53 – –
Cuneal Cortex 18 12 -72 24 4.45 – –
Parieto-occipital Fissure 19/7 -16 -76 34 4.44 – –
Cuneal Cortex 17 16 -68 14 4.39 – –
Ventral Anterior Precuneus 7 2 -42 49 – 1815 9.91 x 10
-15
Ventral Anterior Precuneus 7 0 -44 50 7.36 – –
Marg. Ramus of Cingulate S. 5/7 8 -42 56 5.05 – –
Paracentral Lobule 5 -10 -36 50 4.99 – –
Marg. Ramus of Cingulate S. 5/7 10 -46 58 4.87 – –
Ventral Anterior Precuneus 7 14 -44 48 4.65 – –
Paracentral Lobule 4 16 -32 50 4.3 – –
Postcentral Gyrus 5 -43 -18 47 – 266 5.47 x 10
-3
Precentral Gyrus 4 -46 -8 52 3.6 – –
Postcentral Gyrus 5 -50 -16 46 3.41 – –
Postcentral Gyrus 5 -48 -20 50 3.37 – –
Postcentral Gyrus 5 -38 -28 48 3.33 – –
Postcentral Gyrus 5 -38 -30 52 3.31 – –
Precentral Gyrus 4 -42 -14 46 3.06 – –
Posterior Insula 43 38 -16 5 – 191 0.0422
Posterior Insula 43 40 -8 4 3.96 – –
Posterior Insula 43 40 -22 -2 2.98 – –
Posterior Insula 43 40 -14 10 2.91 – –
Posterior Insula 43 36 -18 14 2.86 – –
8 Middle Cingulate Gyrus 24/31 -2 -6 41 – 12877 ~0
-2 -31 45 Posterior Cingulate Gyrus 31 -6 -32 44 7.83 – –
Posterior Cingulate Gyrus 31 0 -26 44 7.82 – –
Paracentral Lobule 4 -2 -28 54 6.56 – –
Paracentral Lobule 4 2 -20 50 6.35 – –
Mid-Cingulate Gyrus 24 0 -18 40 5.66 – –
Postcentral Gyrus 5 -34 -34 52 5.51 – –
Angular Gyrus 39 60 -42 27 – 623 2.68 x 10
-6
Angular Gyrus 39 58 -50 32 4.55 – –
Angular Gyrus 39 62 -46 28 4.21 – –
Angular Gyrus 39 64 -50 28 4.18 – –
Superior Temporal Gyrus 39/40 66 -34 24 3.87 – –
Angular Gyrus 39 54 -46 22 3.75 – –
Angular Gyrus 39 62 -48 38 3.72 – –
Middle Frontal Gyrus 46 -28 33 39 – 532 1.63 x 10
-5
Middle Frontal Gyrus 46 -36 28 42 4.65 – –
Middle Frontal Gyrus 46 -26 24 48 3.91 – –
Superior Frontal Gyrus 9/46 -8 40 42 3.68 – –
Superior Frontal Sulcus 9/46 -24 28 36 3.58 – –
Superior Frontal Sulcus 9/46 -24 44 32 3.58 – –
Superior Frontal Gyrus 9/46 -26 42 38 3.49 – –




Central Operculur Cortex 44 46 12 4 4.58 – –
Central Opercular Cortex 44 48 -10 14 3.82 – –
Precentral Gyrus 4 62 8 6 3.61 – –
Central Opercular Cortex 44 50 8 0 3.53 – –
Inferior Frontal Gyrus, pars opercular 44 56 18 6 3.27 – –
Postcentral Gyrus 5 60 -8 18 3.21 – –
Middle Temporal Gyrus 21 59 -24 -10 – 232 0.0158
Middle Temporal Gyrus 21 56 -30 -10 4.08 – –
Middle Temporal Gyrus 21 64 -18 -12 3.97 – –
Middle Temporal Gyrus 21 56 -24 -10 3.82 – –
Middle Temporal Gyrus 21 68 -26 -8 3.65 – –
Middle Temporal Gyrus 21 64 -24 -16 2.81 – –
posterior Middle Temporal Gyrus 21/37 62 -32 -16 2.6 – –
9 Central Precuneus 7 5 -66 48 – 3321 3.25 -23
-2 -60 59 Dorsal Central Precuneus 7 -2 -62 60 6.85 – –
Dorsal Central Precuneus 7 2 -58 60 6.38 – –
Dorsal Central Precuneus 7 4 -66 60 5.64 – –
Precuneal Sulcus 7 -10 -62 58 5.13 – –
Superior Parietal Lobule 7 -14 -58 60 5.13 – –
Precuneal Sulcus 7 -12 -60 54 5.12 – –
10 Central Precuneus 7 -2 -60 48 – 2461 2.11 x 10
-18
-2 -56 51 Central Precuneus 7 0 -58 52 7.67 – –
Central Precuneus 7 4 -50 50 6.28 – –
Anterior Precuneus 7 12 -46 48 4.86 – –
Central Precuneus 7 12 -56 58 4.79 – –
Parieto-Occipital Fissure 18 -20 -68 24 4.6 – –
Central Precuneus 7 12 -66 52 4.09 – –
11 Ventral Central Precuneus 7 0 -51 42 – 1252 2.09 x 10
-11
-2 -51 41 Ventral Central Precuneus 7 -2 -50 42 8.14 – –
Ventral Central Precuneus 7 10 -56 40 5.2 – –
Central Precuneus 7 -12 -52 46 5 – –
Central Precuneus 7 8 -62 38 4.29 – –
Posterior Cingulate 23/31 -16 -42 34 3.77 – –
Posterior Cingulate Gyrus 23/31 10 -34 40 3.33 – –
Angular Gyrus 39 58 -51 25 – 277 3.42 x 10
-3
Angular Gyrus 39 60 -50 14 3.94 – –
Supramarginal Gyrus 40 54 -48 32 3.91 – –
Supramarginal Gyrus 40 60 -56 32 3.54 – –
Supramarginal Gyrus 40 52 -50 28 3.26 – –
Superior Temporal Gyrus 22 62 -54 8 3.18 – –
Supramarginal Gyrus 40 52 -50 20 2.98 – –
12 Middle Cingulate Gyrus 23 1 -45 34 – 1216 5.12 x 10
-11
-2 -47 35 Posterior Cingulate Gyrus 23/31 0 -46 34 8.85 – –
Vent. Central Precuneus/Post. Cing. 7/31 14 -50 36 5.29 – –
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Posterior Cingulate Gyrus 23 0 -26 36 4.03 – –
Vent. Central Precuneus/Post. Cing. 7/31 12 -58 32 3.99 – –
Posterior Cingulate Gyrus 23 4 -18 32 3.31 – –
Posterior Cingulate Gyrus 23/31 16 -42 32 3.22 – –
Middle Temporal Gyrus 21 -55 -23 -16 – 999 1.79 x 10
-9
Middle Temporal Gyrus 21 -58 -4 -26 4.54 – –
Middle Temporal Gyrus 21 -60 -42 -12 4.39 – –
Middle Temporal Gyrus 21 -54 -8 -22 4.28 – –
Middle Temporal Gyrus 21 -62 -34 -8 4.19 – –
Superior Temporal Gyrus 38 -44 14 -30 3.98 – –
Middle Temporal Gyrus 21 -52 -4 -26 3.98 – –
Angular Gyrus 39 -47 -63 31 – 810 5.96 x 10
-8
Posterior Superior Temporal Gyrus 39/40 -46 -62 22 4.48 – –
Angular Gyrus 39 -46 -66 32 4.48 – –
Posterior Superior Temporal Gyrus 39/40 -50 -64 28 4.34 – –
Angular Gyrus 39 -46 -60 18 4.21 – –
Angular Gyrus 39 -46 -66 46 4.19 – –
Posterior Superior Temporal Gyrus 22/39 -50 -60 16 3.94 – –
Anterior Paracingulate Gyrus 32 -2 52 0 – 706 3.58 x 10
-7
Gyrus Rectus 11 -2 32 -26 4.13 – –
Anterior Paracingulate Gyrus 32 -8 48 16 4.09 – –
Gyrus Rectus 11/12 6 56 -18 3.9 – –
Anterior Paracingulate Gyrus 32 2 54 -2 3.77 – –
Medial Superior Frontal Gyrus 10 -4 64 4 3.55 – –
Medial Superior Frontal Gyrus 32/10 6 52 4 3.26 – –
Superior Middle Occipital Gyrus 19 49 -60 30 – 414 1.39 x 10
-4
Angular Gyrus 39 52 -62 34 4.85 – –
Superior Middle Occipital Gyrus 19 50 -64 30 4.66 – –
Angular Gyrus 39 44 -52 24 4.64 – –
Angular Gyrus 39 48 -58 22 3.74 – –
Angular Gyrus 39 52 -58 42 3.29 – –
Superior Middle Occipital Gyrus 19 44 -68 36 3.22 – –
Lateral Orbital Gyrus 11/47 -43 33 -13 – 226 0.0149
Lateral Orbital Gyrus 11/47 -42 38 -14 4.5 – –
Lateral Orbital Gyrus 47 -44 28 -16 4.05 – –
Posterior Orbital Gyrus 47/12 -34 30 -12 3.02 – –
Inf. Frontal Gyrus, pars triangularis 45 -50 24 -4 3 – –
Posterior Orbital Gyrus 47 -46 20 -12 2.73 – –
Superior Temporal Gyrus 38 -44 16 -14 2.49 – –
Middle Temporal Gyrus 21 54 -9 -24 – 203 0.0283
Middle Temporal Gyrus 21 52 -8 -22 4.66 – –
Middle Temporal Gyrus 21 48 -6 -26 4.65 – –
Inferior Temporal Sulcus 21/20 64 -14 -28 3.85 – –
Inferior Temporal Gyrus 20 64 -18 -26 3.12 – –
Middle Temporal Gyrus 21 62 -2 -24 2.81 – –
Inferior Temporal Gyrus 20 42 -8 -30 2.76 – –
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13 Dorsal Middle Precuneus 7 -2 -70 51 – 1448 1.41 x 10
-12
-2 -70 53 Dorsal Middle Precuneus 7 -2 -70 56 7.63 – –
Dorsal Middle Precuneus 7 -4 -72 50 7.35 – –
Superior Parietal Gyrus 7 -10 -66 62 4.94 – –
Dorsal Middle Precuneus 7 4 -66 60 4.7 – –
Superior Parietal Gyrus 7 18 -68 48 4.34 – –
Intraparietal Sulcus 7/39 22 -66 50 4.16 – –
Middle Frontal Gyrus 6 -27 5 56 – 462 4.73 x 10
-5
Posterior Superior Frontal Sulcus 6 -28 -2 60 4.09 – –
Middle Frontal Gyrus 6 -26 8 58 3.93 – –
Superior Frontal Gyrus 6 -26 0 68 3.88 – –
Superior Frontal Sulcus 6 -26 4 50 3.48 – –
Middle Frontal Gyrus 6 -34 16 50 3.38 – –
Posterior Supterior Frontal Sulcus 6 -26 -6 46 3.24 – –
Intraparietal Sulcus 39 41 -52 36 – 415 1.35 x 10
-4
Angular Gyrus 39 40 -46 34 4.53 – –
Angular Gyrus 39 40 -58 32 3.88 – –
Inferior Parietal Lobule 39/40 40 -56 36 3.83 – –
Parallel S. ascending/Angular Gyr. 39 48 -48 40 3.48 – –
Supramarginal Gyrus 40 48 -38 34 3.46 – –
Middle Frontal Gyrus 6 30 3 54 – 248 8.14 x 10
-3
Middle Frontal Gyrus 6 34 2 52 4.16 – –
Superior Frontal Gyrus 6 24 -4 54 3.59 – –
Superior Frontal Sulcus 6 24 8 56 3.19 – –
Superior Frontal Gyrus 6 22 6 60 3.07 – –
Middle Frontal Gyrus 6 34 10 60 2.7 – –
14 Central Precuneus 7 -5 -66 44 – 1234 4.25 x 10
-11
-2 -64 45 Central Precuneus 7 -2 -66 46 8.23 – –
Superior Parietal Lobule 7 -22 -74 48 4.02 – –
Superior Parietal Lobule 7 -30 -78 46 3.97 – –
Superior Parietal Lobule 7 -28 -68 48 3.8 – –
Posterior Ventral Precuneus 7/31 0 -70 28 3.5 – –
Post. Precuneus/Parieto-Occip. S. 7 2 -74 34 3.31 – –
Mid. Front. G./Sup. Front. Sul. 6/8 30 21 50 – 577 4.47 x 10
-6
Middle Frontal Gyrus 8 34 30 46 5.52 – –
Middle Frontal Gyrus 6/8 34 14 48 5.01 – –
Mid. Front. G./Sup. Front. Sul. 6 30 16 54 4.42 – –
Mid. Front. G./Sup. Front. Sul. 6 24 10 52 4.21 – –
Superior Frontal Gyrus 8 22 26 50 3.64 – –
Superior Frontal Sulcus 8 26 24 50 3.48 – –
Inferior Frontal Sulcus 9/46 -41 40 10 – 455 5.84 x 10
-5
Inferior Frontal Gyrus 45/46 -48 46 6 4.11 – –
Mid. Frontal Gyr. / Inf. Frontal Sulc. 46 -38 32 22 3.65 – –
Inferior Frontal Gyrus 46 -44 34 16 3.63 – –
Inferior Frontal Gyrus 46 -40 34 10 3.56 – –
Inferior Frontal Gyrus 46 -38 38 4 3.53 – –
Frontal Marginal Gyrus 10 -44 52 -4 3.44 – –
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Intrapari. Sulc./Inf. Pari. Lob. 39/7 -41 -51 48 – 438 8.5 x 10
-5
Superior Parietal Lobule 7 -34 -48 46 3.7 – –
Superior Parietal Lobule 7 -26 -52 52 3.6 – –
Angular Gyrus 39 -50 -52 52 3.5 – –
Angular Gyrus 39 -44 -54 54 3.5 – –
Supramarginal Gyrus 40 -50 -46 46 3.38 – –
Intraparietal Sulcus 39/7 -36 -58 56 3.34 – –
Superior Frontal Sulcus 8 -24 21 52 – 232 0.013
Middle Frontal Gyrus 8 -32 22 46 3.74 – –
Middle Frontal Gyrus 8 -26 24 52 3.63 – –
Superior Frontal Gyrus 6 -20 12 58 3.37 – –
Superior Frontal Gyrus 6 -18 18 56 3.18 – –
Superior Frontal Gyrus 8 -22 24 56 2.9 – –
Superior Frontal Gyrus 6/8 -24 32 48 2.77 – –
15 Ventral Central Precuneus 7 -2 -59 36 – 1094 2.44 x 10
-10
-2 -58 37 Ventral Central Precuneus 7 0 -60 38 8.18 – –
Posterior Cingulate/Retrosplenial 30/23 -10 -50 22 3.64 – –
Posterior Cingulate Cortex 23 -14 -52 22 3.36 – –
Post. Cing. / Parieto-Occip. Sulcus 31/23 6 -66 20 3.15 – –
Posterior Cingulate Gyrus 23 6 -46 30 2.86 – –
Angular Gyrus 39 -51 -62 28 – 392 1.9 x 10
-4
Supramarginal Gyrus 40 -58 -60 32 4.39 – –
Middle Temporal Gyrus 39 -54 -70 24 4.38 – –
Superior Temporal Gyrus 39 -54 -66 28 4.27 – –
Superior Temporal Gyrus 39 -48 -58 26 4.18 – –
Middle Temporal Gyrus 39 -52 -74 24 4.17 – –
Superior Temporal Gyrus 22 -60 -58 16 3.84 – –
Angular Gyrus 39 53 -57 31 – 264 4.64 x 10
-3
Angular Gyrus 39 50 -50 36 3.98 – –
Superior Temporal Gyrus 39 52 -68 22 3.76 – –
Angular Gyrus 39 50 -70 32 3.45 – –
Supramarginal/Sup. Temporal G. 40 60 -52 24 3.44 – –
Angular Gyrus 39 56 -50 40 3.31 – –
Angular Gyrus 39 50 -62 28 3.29 – –
16 Rostral Paracingulate Gyrus 32 -1 49 14 – 4399 1.19 x 10
-27
-2 -54 30 Medial Frontopolar Gyrus 10 -2 58 -18 5.88 – –
Medial Superior Frontal Gyrus 9 -2 58 22 5.8 – –
Medial Frontopolar Gyrus 9/10 -6 58 12 5.71 – –
Medial Superior Frontal Gyrus 9 2 62 14 5.65 – –
Medial Frontopolar Gyrus 9/10 -4 66 12 5.61 – –
Medial Frontopolar Gyrus 9/10 2 66 14 5.55 – –
Posterior Cingulate Gyrus 23/31 0 -54 26 – 1723 4.31 x 10
-14
Dorsal Posterior Cing. Gyrus 23/31 0 -56 30 8.81 – –
Posterior Cingulate Cortex 23 4 -50 24 7.61 – –
Central Precuneus 7 0 -66 42 3.95 – –
Posterior Cingulate/Retrosplenial 30/23 -10 -54 10 3.9 – –
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Retrosplenial Cortex 29/30 -6 -48 2 3.78 – –
Posterior Cing./Central Precuneus 23/7 -12 -50 40 3.74 – –
Middle Temporal Gyrus 21 -53 -4 -21 – 1059 9.19 x 10
-7
Temporal Pole 38 -42 14 -36 4.95 – –
Middle Temporal Gyrus 21 -62 -10 -18 4.83 – –
Middle Temporal Gyrus 21 -62 -14 -16 4.61 – –
Lateral Orbital Gyrus 47/12 -36 18 -18 4.38 – –
Inferior Temporal Sulcus 20/21 -50 -26 -18 4.35 – –
Lateral Orbital Gyrus 47/12 -40 22 -20 4.3 – –
Middle Temporal Gyrus 21 51 -1 -25 – 783 1.19 x 10
-7
Middle Temporal Gyrus 21 58 0 -32 5.29 – –
Inferior Temporal Sulcus 20/21 52 -14 -22 4.41 – –
Temporal Pole 38 44 16 -36 4.32 – –
Temporal Pole 38 48 16 -32 4.09 – –
Middle Temporal Gyr./Temporal Pole 21/38 44 10 -36 4 – –
Middle Temporal Gyrus 21 58 -8 -18 3.99 – –
Angular Gyrus 39 -46 -64 29 – 316 1.63 x 10
-3
Angular Gyrus 39 -50 -72 30 3.87 – –
Angular Gyrus / Intraparietal Sulc. 39 -48 -62 26 3.56 – –
Angular Gyrus 39 -54 -66 26 3.46 – –
Intraparietal Sulcus 39 -38 -58 32 3.4 – –
Angular Gyrus 39 -52 -68 36 3.4 – –
Angular Gyrus 39 -48 -70 36 3.39 – –
17 Cuneal Cortex 18 3 -79 24 – 4514 3.92 x 10
-28
-1 -78 43 Dorsal Posterior Precuneus 7 -2 -78 44 8.23 – –
Cuneal Cortex / Dors. Post. Precun. 19/7 0 -82 40 6.86 – –
Cuneal Cortex 19 6 -84 38 5.46 – –
Cuneal Cortex 19 12 -82 44 4.87 – –
Posterior Precuneus 7 10 -70 40 4.86 – –
Cuneal Cortex 19 12 -86 42 4.8 – –
Angular Gyrus 39 -34 -67 42 – 393 2.69 x 10
-4
Angular Gyrus 39 -32 -76 42 4.39 – –
Angular Gyrus 39 -34 -60 36 4.39 – –
Inferior Parietal Lobule 39/40 -38 -60 44 3.45 – –
Precuneus 39 -30 -68 36 3.26 – –
Inferior Parietal Lobule 39/40 -40 -54 38 3.11 – –
Intraparietal Sulcus 39/7 -30 -54 42 2.56 – –
18 Posterior Precuneus 7 1 -74 34 – 1340 1.01 x 10
-11
-1 -75 36 Posterior Precuneus 7 0 -74 36 8.62 – –
Cuneal Cortex 19 12 -80 30 3.74 – –
Ventral Precuneus 31 -12 -58 32 3.71 – –
Cuneal Cortex 17 12 -72 22 3.58 – –
Cuneal Cortex 17 16 -80 16 3.45 – –
Cuneal Cortex 17 6 -76 14 3.15 – –
Angular Gyrus 39 45 -58 39 – 611 2.56 x 10
-6
Intraparietal Sulcus 39 38 -58 40 4.26 – –
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Superior Parietal Lobule 7 38 -64 48 4.11 – –
Angular Gyrus 39 48 -56 38 3.88 – –
Superior Temporal Gyrus 39 54 -62 20 3.52 – –
Supramarginal Gyrus 40 56 -44 38 3.52 – –
Angular Gyrus 39 44 -54 50 3.41 – –
19 Mid-Parieto-Occipial Sulcus 7/19 -1 -70 21 – 2999 1.66 x 10
-21
-1 -71 29 Posterior Precuneus 7 -2 -70 30 8.93 – –
Posterior Precuneus 7 -12 -70 30 5.32 – –
Posterior Cingulate/Post. Precuneus 31/7 8 -62 28 4.53 – –
Cuneal Cortex 17 -6 -72 14 4.07 – –
Subparietal Sulcus 31 -12 -48 32 3.93 – –
Posterior Cingulate Gyrus 23 6 -24 29 – 182 0.05
Mid-Cingulate Gyrus 23 4 -16 36 3.65 – –
Cingulate Gyrus 23/31 6 -24 42 3.23 – –
Cingulate Gyrus 23 8 -20 28 3.21 – –
Cingulate Gyrus 23 -2 -18 32 2.4 – –
20 Posterior Cingulate Cortex 23 -8 -59 12 – 4392 4.11 x 10
-28
-1 -67 22 Posterior Cingulate Cortex 23/31 -2 -66 22 9.29 – –
Parieto-Occipital Sulcus 23/31 -12 -60 18 6.51 – –
Posterior Cingulate Cortex 23 6 -54 18 6.48 – –
Posterior Cingulate Cortex 23/31 8 -60 18 6.2 – –
Lingual Gyrus 17/18 -16 -54 2 5.51 – –
Cuneal Cortex 17 -8 -62 8 5.41
Rostral Anterior Cingulate 24 3 33 -8 – 3800 2.2 x 10
-25
Parahippocampal Gyrus 35 28 -28 -26 5.19 – –
Medial Frontal Gyrus 14 -6 48 -16 5.14 – –
Medial Frontal Gyrus 14 -4 58 -8 5.13 – –
Rostal Anterior Cingulate 24/32 2 34 -10 5.05 – –
Anterior Cingulate Cortex 25 -2 20 -8 5.05 – –
Rostral Paracingulate 32 -14 50 -2 4.91 – –
21 Midbrain - -1 -38 -9 – 9115 9.81 x 10
-45
-2 -59 11 Caudal Posterior Cingulate Cortex 23 -4 -58 12 9.79 – –
Caudal Posterior Cingulate Cortex 23 4 -58 12 8.57 – –
Midbrain - -10 -24 -12 6.72 – –
Thalamus - -18 -22 -10 6.21 – –
Caudal Posterior Cingulate Cortex 23 8 -50 6 6.12 – –
Fusiform Gyrus 37 22 -36 -22 5.71 – –
Angular Gyrus 39 -36 -73 34 – 879 5.96 x 10
-8
Angular Gyrus 39 -30 -76 36 5.53 – –
Angular Gyrus 39 -32 -82 40 5.02 – –
Angular Gyrus 39 -46 -74 30 4.93 – –
Angular Gyrus 39 -38 -64 28 4.41 – –
Angular Gyrus 39 -38 -82 34 4.25 – –
Angular Gyrus 39 -40 -68 38 4.2 – –




Superior Frontal Sulcus 8/9 -22 26 40 4.38 – –
Superior Frontal Sulcus 8 -26 18 58 3.73 – –
Superior Frontal Sulcus 9 -20 36 44 3.64 – –
Superior Frontal Sulcus 8/9 -24 16 42 3.36 – –
Superior Frontal Gyrus 9 -20 26 48 3.09 – –
Angular Gyrus 39 44 -68 35 – 276 5.58 x 10
-3
Angular Gyrus 39 50 -68 36 4.11 – –
Intrapatietal Sulcus 39/7 34 -80 40 3.44 – –
Angular Gyrus 39 42 -66 44 3.32 – –
Superior Temporal Gyrus 39 44 -60 24 3.28 – –
Angular Gyrus 39 42 -70 42 3.08 – –
Angular Gyrus 39 48 -56 38 2.94 – –
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Development of Anterior Cingulate
Functional Connectivity from Late
Childhood to Early Adulthood
A.M. Clare Kelly1, Adriana Di Martino1,2, Lucina Q. Uddin1,
Zarrar Shehzad1, Dylan G. Gee1, Philip T. Reiss3, Daniel
S. Margulies1,4, F. Xavier Castellanos1,5 and Michael P. Milham1
1Phyllis Green and Randolph Cowen Institute for Pediatric
Neuroscience at the NYU Child Study Center, New York, NY,
USA, 2Division of Child and Adolescent Neuropsychiatry,
Department of Neuroscience, University of Cagliari, Italy, 3NYU
Child Study Center, Division of Biostatistics, New York, NY,
USA, 4Berlin School of Mind and Brain, Humboldt Universita¨t,
Berlin, Germany and 5Nathan Kline Institute for Psychiatric
Research, Orangeburg, NY, USA
Human cerebral development is remarkably protracted. Although
microstructural processes of neuronal maturation remain accessi-
ble only to morphometric post-mortem studies, neuroimaging tools
permit the examination of macrostructural aspects of brain
development. The analysis of resting-state functional connectivity
(FC) offers novel possibilities for the investigation of cerebral
development. Using seed-based FC methods, we examined the
development of 5 functionally distinct cingulate-based intrinsic
connectivity networks (ICNs) in children (n5 14, 10.66 1.5 years),
adolescents (n5 12, 15.46 1.2) and young adults (n514, 22.46 1.2).
Children demonstrated a more diffuse pattern of correlation with
voxels proximal to the seed region of interest (ROI) (‘‘local FC’’),
whereas adults exhibited more focal patterns of FC, as well as
a greater number of significantly correlated voxels at long
distances from the seed ROI. Adolescents exhibited intermediate
patterns of FC. Consistent with evidence for different matura-
tional time courses, ICNs associated with social and emotional
functions exhibited the greatest developmental effects. Our
findings demonstrate the utility of FC for the study of developing
functional organization. Moreover, given that ICNs are thought to
have an anatomical basis in neuronal connectivity, measures of
FC may provide a quantitative index of brain maturation in
healthy subjects and those with neurodevelopmental disorders.
Keywords: anterior cingulate, BA 25, development, functional connectivity,
self-regulation
Introduction
Neuronal Maturation and Cerebral Development
Histological and stereological post-mortem studies of human and
nonhuman primate brain have provided profound insights into
the microstructural processes of neuronal maturation and the
development of cerebral functional organization. These studies
suggest that postnatal cerebral development is marked by
a period of ‘‘exuberant’’ and redundant synaptic connectivity,
likely reflecting an overproduction of dendrites, dendritic spines,
and axons during the perinatal period (Huttenlocher et al. 1982;
LaMantia and Rakic 1994; Petanjek et al. 2008). This superabun-
dant connectivity is maintained throughout childhood, such that
synaptic density remains at higher-than-adult levels until about
the onset of puberty, from which time there is a net elimination
of synapses. As a result of such ‘‘pruning,’’ the density of syn-
apses declines by ~40% during adolescence, before reaching
a plateau in adulthood (Huttenlocher 1979; Huttenlocher
et al. 1982; Rakic et al. 1986; Bourgeois and Rakic 1993;
Bourgeois et al. 1994; Rakic et al. 1994). The rate at which
pruning occurs varies across the cerebrum: the decline in
synaptic density appears to begin earlier in visual and
somatosensory cortex than in prefrontal cortex (Bourgeois
et al. 1994; Huttenlocher and Dabholkar 1997). Neuronal
myelination, another key process in postnatal neuronal matu-
ration, appears to follow a similarly protracted and regionally
specific time course. Though few studies have examined this
process in human brain, post-mortem analyses suggest that
myelination begins near the end of the second trimester of
fetal life, increases intensely during the first 2 decades of life,
then continues at a slower rate into middle adulthood, with
the most protracted development in the frontal and temporal
lobes (Yakovlev and Lecours 1967; Brody et al. 1987; Benes
et al. 1994).
That the nonlinear developmental pattern of synaptogenesis
and synaptic elimination is associated with concurrent functional
development of neuronal networks is suggested by the observa-
tion that neurotransmitter innervation and receptor density
follow a similar developmental trajectory throughout the cortex
(Goldman-Rakic and Brown 1982; Lidow et al. 1991; Lidow and
Rakic 1992; Rosenberg and Lewis, 1995; Lambe et al. 2000). Early
synaptic redundancy has been suggested as the basis for the
emergence of cognitive function in the infant (Goldman-Rakic
1987; Petanjek et al. 2008), as well as the synaptic plasticity that
characterizes children’s ability for learning and recovery from
injury (Changeux and Danchin 1976). Though associated with
the loss of this superabundant plasticity, synaptic pruning may
enable more efficient information transfer across spatially distal
regions in the brain, and may therefore underlie the development
of mature cognitive function (Changeux and Danchin 1976;
Goldman-Rakic 1987; Huttenlocher 1990; Paus et al. 1999).
Magnetic Resonance Imaging Studies of Cerebral
Development
The emergence of magnetic resonance imaging (MRI) and
more recently, diffusion tensor imaging (DTI) have permitted
the noninvasive examination of age-related structural changes
in vivo (e.g., Giedd et al. 1999; Paus et al. 1999; Sowell et al.
1999; Sowell et al. 2003; Gogtay et al. 2004). These studies have
been largely consistent with the human and nonhuman
morphometric data: the observed age-related increases in
white matter (WM) are primarily thought to reflect progressive
myelination, whereas age-related decreases in gray matter are
thought to reflect both synaptic pruning and myelination
(Bartzokis et al. 2001; Giedd 2004; Gogtay et al. 2004; Sowell
et al. 2004). Specifically, studies have observed that global WM
volume increases linearly between the ages of 4 and 22 years
(Giedd et al. 1999), with continued increases observed up to
the fifth decade of life (Bartzokis et al. 2001; Sowell et al. 2003).
 The Author 2008. Published by Oxford University Press. All rights reserved.
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In contrast, gray matter volumes follow a nonlinear develop-
mental trajectory whereby peak volumes are attained at
approximately 10--12 years (Giedd et al. 1999), followed by
a significant decline throughout adolescence and adulthood
(Sowell et al. 2001, 2003). Consistent with regional differences
in the onset of declines in synaptic density (Bourgeois et al.
1994; Huttenlocher and Dabholkar 1997), several studies have
observed regional differences in the onset of gray matter loss,
which appears to occur earliest (at around the onset of
puberty) in the primary sensory and motor areas and latest
(at about the end of adolescence, and as late as ~30 years) in
lateral prefrontal and temporal cortices (Sowell et al. 1999,
2001, 2003; Gogtay et al. 2004).
DTI studies demonstrate a complementary pattern of results.
The most commonly reported measure in DTI studies is
fractional anisotropy (FA), which is thought to reflect the
diameter, density and myelination of WM fibers that connect
brain areas (Snook et al. 2005; Giorgio et al. 2008). Age-related
increases in FA have been observed both in whole-brain averages
and in several principal WM pathways, including the corpus
callosum, and the inferior fronto-occipital, superior longitudinal
and uncinate fasciculi, during late childhood, adolescence and
early adulthood (Olesen et al. 2003; Snook et al. 2005; Zhang
et al. 2005; Liston et al. 2006; Eluvathingal et al. 2007; Giorgio
et al. 2008). Finally, consistent with the idea that structural
changes in white and gray matter underlie maturation of
cognitive function, several studies have observed correlations
between structural changes thought to reflect myelination and
synaptic pruning and age-related improvements in measures of
cognitive functions such as working memory (Sowell et al. 2001;
Olesen et al. 2003; Nagy et al. 2004; Liston et al. 2006).
Age-related changes in measures of brain activation also
appear consistent with the reported structural changes. Using
positron emission tomography, Chugani et al. (1987) showed
that regional cerebral glucose metabolism increased from birth,
peaking at 1.4 times the final level at ~9 years, followed by
a decline to adult levels throughout the teenage years. A similar
result was observed in monkeys (Jacobs et al. 1995), supporting
the idea that the age-related changes in glucose metabolism
reflect the periods of synaptic and neurotransmitter excess and
subsequent elimination observed in anatomical studies (e.g.,
Huttenlocher 1979; Rakic et al. 1986). More recently, blood
oxygen level--dependent (BOLD) functional MRI (fMRI) studies
have shown that, relative to adults, young children typically
activate larger and more diffuse regions of prefrontal cortex
when performing tasks that require attentional control, such as
Go/NoGo or Flanker tasks (Casey et al. 1997; Bunge et al. 2002;
Tamm et al. 2002; Durston et al. 2006). The pattern of diffuse
activation is consistent with the idea that, in children, these
tasks activate immature and inefficient functional networks,
whereas the focal activations exhibited by adults may be
a functional consequence of synaptic elimination (Luna and
Sweeney 2004; Casey et al. 2005). Accordingly, studies have
shown that the BOLD activity that correlates with task
performance becomes more focal with age, whereas activity
not correlated with performance decreases with age (Brown
et al. 2005; Durston et al. 2006).
Functional Connectivity
Despite the progress made by these functional imaging studies,
the maturational changes occurring on the level of large-scale
functional networks have remained somewhat elusive. Func-
tional connectivity (FC) analyses of the brain’s spontaneous
activity may offer an alternative means to examine the devel-
opment of these networks. FC analyses, which detect temporal
correlations between ‘‘spatially remote neurophysiological
events’’ (Friston et al. 1993), reveal patterns of correlated
ultra-low frequency ( <0.1 Hz) spontaneous BOLD activity
within a number of functionally distinct processing systems
(Greicius and Menon 2004; Damoiseaux et al. 2006; Fransson
2006; Margulies et al. 2007; Di Martino et al. 2008), in human
infants (Fransson et al. 2007), and in other species such as
chimpanzees, macaques and rats (Rilling et al. 2007; Vincent
et al. 2007; Kannurpatti et al. 2008). The networks detected
in these studies have been termed resting-state networks
(De Luca et al. 2006) or, more appropriately, intrinsic con-
nectivity networks (ICNs, Seeley et al. 2007), given their
detection across a variety of states, including task performance.
These networks show striking spatial correspondence to
known functional systems (Biswal et al. 1995; Damoiseaux
et al. 2006; Fox et al. 2006; Margulies et al. 2007), and patterns
of coactivation observed in task-based studies (Toro et al.
2008), suggesting that their spontaneous activity reflects
functionally relevant communications among neurons (Leopold
et al. 2003; Buzsaki 2006). It is increasingly thought that this
spontaneous activity may serve to maintain network integrity
by reinforcing the synaptic connections that subserve the
network’s typical functioning during awake states (Fox and
Raichle 2007; Pinsk and Kastner 2007). As such, FC approaches
may provide a novel way to quantify brain development and
maturation.
Although many studies have examined the structure and
organization of ICNs in adults, few have examined how ICNs
change with development. Fair et al. (2007) recently used
region-of-interest-based interregional FC and graphical meth-
ods in a large sample of children, adolescents and adults to
examine the development of 2 ICNs subserving cognitive con-
trol functions. Fair et al. demonstrated that maturation of these
networks involved both segregation (a reduction in short-range
local correlation strength) and integration (an increase in the
strength of long-range FC with other brain regions). In
a subsequent study using a seed-based approach, Fair et al.
(2008) also demonstrated increasing FC between components
of the default-mode network with age.
Anterior Cingulate FC and Development
Fair et al.’s findings suggest that FC approaches may be fruitful
when applied to the examination of brain development and
maturation. Moreover, given that the ICNs detected using FC
analyses are thought to have an anatomic basis in neuronal
connectivity (Andrews-Hanna et al. 2007; Fox and Raichle
2007; Vincent et al. 2007; Greicius et al. 2008), measures of FC
may even provide a quantitative index of brain maturation.
Here, we explore this possibility, by examining the develop-
ment of 5 cingulate-based ICNs. The anterior cingulate cortex
(ACC) is at the center of the brain’s self-regulatory system,
integrating inputs from diverse sources in order to regulate
responses and guide behavior (Bush et al. 2000; Paus 2001;
Amodio and Frith 2006). As such, development of the
functional organization of anterior cingulate-based networks
is likely to be an essential step in the cerebral maturation that
underlies cognitive, social and emotional development.
In a recent resting-state fMRI study (Margulies et al. 2007),
we examined cingulate FC by eliciting the ICNs associated with
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16 seed regions of interest (ROIs) systematically placed
throughout the ACC in 2 arrays designated superior (S) and
inferior (I) (Fig. 1A). Our findings were highly consistent with
anatomical and neuroimaging studies of functional differenti-
ation within the ACC. In the present study, we selected 5 of
those ACC seeds for examination in a developmental context,
maintaining the naming convention used by Margulies et al. to
refer to the ACC seeds. Seeds were selected so as to sample
5 principal functions associated with the ACC, and were placed
in caudal (S1), dorsal (S3), rostral (S5), perigenual (S7), and
subgenual (I9) regions of the ACC. These regions are broadly
associated with 5 domains of self-regulatory control, namely,
motor control, attentional/cognitive control, conflict monitoring,
mentalizing and emotional regulation, respectively (see Fig. 1A).
Cognitive developmental studies demonstrate that the pro-
cesses associated with these broad functional domains undergo
considerable change throughout childhood and adolescence,
but with differential rates of maturation. Functions associated
with motor control and less complex aspects of cognitive
control, such as inhibitory control and working memory
maintenance, are thought to develop rapidly during childhood
(Ridderinkhof et al. 1997; Rueda et al. 2004, 2005; Davidson
et al. 2006). In contrast, more sophisticated aspects of
attentional control, as well as many of the evaluative, social
Figure 1. (A) Margulies et al. (2007), seeded the ACC at 16 coordinates along 2 separate rows: an inferior row (I), located 5 mm from the corpus callosum, starting at y5 10
(I1), and spaced 10 mm apart along a curve traced parallel the corpus callosum; and a superior row (S), located 15 mm from the corpus callosum along radial axes extending from
each of the 7 inferior seeds. Here, we examined the ICNs elicited by 5 of those seeds: S1 (orange), S3 (blue), S5 (yellow), S7 (green), and I9 (red). Seed S1 (MNI coords: x5 5,
y5 10, z5 47), in the caudal ACC, was located in a region critically involved in movement execution and the control of motor behavior (Dum and Strick 1991; Carmichael and
Price 1995b; Paus 2001; Chouinard and Paus 2006). The dorsal ACC (dACC), the location of seed S3 (x 5 5, y 5 14, z 5 42) is thought to play a central role in the top-down
control of attention, and is commonly activated during working memory, response selection and inhibition, and in response to task cues (e.g., Posner and Petersen 1990; Garavan
et al. 2002; Wager and Smith 2003; Hester et al. 2004; Milham and Banich 2005; Curtis 2006; Weissman et al. 2006; Nee et al. 2007; Dosenbach et al. 2008). Seed S5 (x5 5, y
5 34, z5 28) was located in the rostral section of supragenual ACC, an area typically associated with more evaluative functions than dACC, including monitoring and signaling of
conflict or interference, response to errors, reasoning and decision making (Botvinick et al. 1999; Kiehl et al. 2000; Kroger et al. 2002; Garavan et al. 2003; Luo et al. 2003;
Botvinick et al. 2004;; Paulus and Frank 2006; Taylor et al. 2006; Lutcke and Frahm 2007). Seed S7 (x 5 5, y 547, z 5 11) was located in the perigenual ACC which has been
centrally implicated in social cognitive functions such as mentalizing and self-reflection (Johnson et al. 2002; Frith and Frith 2003; Ochsner et al. 2005; Amodio and Frith 2006).
Finally, seed I9 (x 5 5, y 5 25, z 5 10) was located in the subgenual ACC, corresponding to BA 25, which is central to a limbic and paralimbic system that subserves
emotional responsiveness and regulation and the monitoring of rewarding or punishing outcomes (Drevets et al. 1997; Phan et al. 2002; Knutson et al. 2003; Phillips et al. 2003;
Mayberg 2006; Taylor et al. 2006). (B) The panels illustrate significant positive (green--red) and negative (blue--pink) connectivity for each ACC seed, for each group (child,
adolescent, adult), according to neurological convention (right is right), in Talairach space.
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and emotional functions associated with rostral and ventral
areas of the ACC continue to undergo substantial development
throughout adolescence and into adulthood (Nelson et al.
2003; Ernst et al. 2005; Steinberg 2005; Blakemore and
Choudhury 2006; Crone et al. 2006; Davidson et al. 2006;
Galvan et al. 2006; Thomas et al. 2007; Hare et al. 2008).
Based on the morphometric, structural and functional
evidence reviewed above, we hypothesized that each ACC
network would demonstrate age-related differences in FC.
Specifically, based on the evidence for net synaptic elimination
during adolescence, we predicted a gradual transition in the
pattern of correlated voxels, from one dominated by diffuse
local (short-distance) correlations in childhood, to one char-
acterized by more focal (spatially limited) local correlations in
adulthood. In addition, we expected to observe a greater
number of positively correlated voxels at long distances from
the seed ROI in adulthood, potentially reflecting the maturation
of large-scale functional networks underlying cognition. Finally,
we examined the prediction that measures of FC would reveal
regional differences in the time course of maturation across the
5 networks, with motor and cognitive networks showing more




Fourteen children (mean age:10.6 ± 1.5 years; range: 8.7--12.7; 4 females)
and 12 adolescents (mean age: 15.4 ± 1.2 years; range: 13.5--17.0;
5 females) were recruited from the local community. Absence of
DSM-IV Axis-I diagnosis was established based on parent interviews
using the Schedule of Affective Disorders and Schizophrenia for
Children—Present and Lifetime Version.
Young Adults
Fourteen young adults (mean age: 22.4 ± 1.2 years; range: 19.7--24.0;
5 females) were recruited from the local community. All adults had no
history of psychiatric or neurological illness as confirmed by a
psychiatric clinical interview. Absence of known neurological or
chronic medical diseases was required of participants in all age groups.
Data from 9 of the adult participants were previously reported by
Margulies et al. (2007). The study was approved by the institutional
review boards of the New York University School of Medicine and New
York University. Signed informed consent was obtained from all
participants and their legal guardian (in the case of children and
adolescents) prior to participation. Participants received monetary
compensation.
Functional Imaging
Functional imaging data were acquired using a research-dedicated
Siemens Allegra 3.0 Tesla scanner, located at the NYU Center for Brain
Imaging. We obtained a brief (6 min 38 s) ‘‘resting-state’’ scan,
comprising 197 contiguous echo planar imaging whole-brain functional
volumes (time repetition [TR] = 2000 ms; time echo [TE] = 25 ms; flip
angle = 90, 39 slices, matrix = 64 3 64; field of view [FOV] = 192 mm;
acquisition voxel size = 3 3 3 x 3 mm). Coverage of the entire
cerebellum was not possible in all participants. During this scan
participants were asked to relax with their eyes open. A high-resolution
T1-weighted anatomical image was also acquired using a magnetization
prepared gradient echo sequence (TR = 2500 ms; TE = 3.93 ms; inversion
time = 900 ms; flip angle = 8; 176 slices, FOV = 256 mm).
Image Preprocessing and Individual Analyses
Preprocessing steps of slice timing correction for interleaved acquisi-
tion (using Fourier interpolation), motion correction (by aligning each
volume to a ‘‘base’’ image using Fourier interpolation) and despiking
(detection and reduction of extreme time series outliers using an
hyperbolic tangent function) were performed using analysis of
functional neuroimages (AFNI, Cox 1996). All other data processing
was carried out using FSL (FMRIB Software Library, www.fmrib.ox.ac.uk).
Further image preprocessing comprised spatial smoothing (using a
Gaussian kernel of full width half maximum 6 mm), mean-based
intensity normalization of all volumes by the same factor, temporal
bandpass filtering (highpass temporal filtering: Gaussian-weighted least-
squares straight line fitting, with sigma = 100.0 s; Gaussian lowpass
temporal filtering half-width half maximum [HWHM] 2.8 s) and correction
for time series autocorrelation (prewhitening). As a final preprocessing
step, each individual’s time series was spatially normalized by registration
to the MNI152 template (Montreal Neurological Institute), with 1-mm3
resolution, using a 12 degrees-of-freedom affine transformation.
Movement Parameters
Root-mean-square (rms) movement in each of the cardinal directions
(x, y, and z), and rotational movement about 3 axes (pitch, yaw, and
roll) was calculated for each participant, and the relationship between
mean rms movement and age was examined. Data were also visually
inspected for movement-related artifacts.
FC: ROI Selection and Seed Generation
Following the methods outlined in Margulies et al. (2007), we
examined the FC of 5 seed ROIs located along the ACC (Fig. 1A).
Each spherical seed covered 123 voxels in 1 3 1 x 1 mm space with
a radius of 3.5 mm. For each participant, we calculated the mean time
series of each seed ROI by averaging across all voxels within the seed.
FC: Nuisance Signals
Several nuisance covariates were included in our analyses to control for
the effects of physiological processes (such as fluctuations related to
cardiac and respiratory cycles) and motion. Specifically, we included
9 additional covariates that modeled nuisance signals from WM and
cerebrospinal fluid (CSF), the global signal, as well as 6 motion
parameters. The global signal regressor was generated by averaging
across all voxels within the brain. To extract the nuisance covariate
time series for WM and CSF, we first segmented each individual’s high-
resolution structural image, using the FSL’s FAST segmentation program
provided by FSL. The resulting segmented WM and CSF images were
then thresholded to ensure 80% tissue type probability. These
thresholded masks were then applied to each individual’s time series,
and a mean time series was calculated by averaging across all voxels
within the mask. Finally, the 6 motion parameters were generated by
the AFNI motion correction program 3dvolreg.
FC: Statistical Analysis
For each participant, and for each seed ROI, we performed a multiple
regression analysis (as implemented in the FSL program FEAT), which
included the ACC seed time series and the 9 nuisance covariates as
predictors. Time series for the seed ROI were orthogonalized with respect
to the nuisance covariates (global signal, CSF, WM, and motion covariates).
This analysis produced subject-level maps of all voxels that were
significantly positively or negatively correlated with the seed time series.
Group-Level Analyses
Group-level analyses and group comparisons were carried out using
a mixed-effects model as implemented in the FSL program FLAME.
Corrections for multiple comparisons were carried out at the cluster
level for each of the 5 networks using Gaussian random field theory
(min Z > 2.3; cluster significance: P < 0.05, corrected). This group-level
analysis produced thresholded Z-score maps (‘‘networks’’) of positive
and negative FC for each seed ROI, for each group separately and for all
subjects combined. To test for significant age-group--related differ-
ences, direct voxelwise group comparisons were performed using
group-level contrasts. These contrasts computed the voxelwise
statistical significance of mean group differences in FC, and produced
thresholded Z-score maps of those voxels that showed significant
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age-related changes in FC with the seed ROI. We divided these changes
into 2 classes, based on the group means of parameter estimates
representing FC between the seed ROI and the cluster in question.
Monotonic age-related changes reflected a unidirectional increase or
unidirectional decrease in FC across the groups (i.e., children >
adolescents > adults, or children < adolescents < adults, as revealed by
the contrasts 1, 0, –1, or –1, 0, 1). Changes that were not unidirectional
were classified as nonmonotonic. Group variances were modeled
separately in these analyses.
We identified peaks of FC for each network, using the group-level
thresholded Z-score maps for all subjects combined. Using the peak
detection algorithm provided in the AFNI program 3dMaxima, we
specified a minimum significance threshold of Z = 2.3, and minimum
distance between peaks of 10, 2-mm isomorphic voxels. For consis-
tency with the literature, peaks were converted to Talairach
coordinates using a nonlinear transformation (Brett et al. 2002).
Group-level results were registered to the Talairach brain (Talairach
and Tournoux 1988) for presentation purposes.
Voxel Distance Calculations
In addition to voxelwise group comparisons, we conducted a further
analysis aimed at elucidating the differences in local (short-range) and
distal (long-range) positive FC between groups. For each network, and
for each age group, we computed the Euclidean distance between the
center of the seed ROI and every other voxel that reached significance
in the group-level thresholded Z-score map of positive FC (i.e., Z > 2.3,
cluster significance: P < 0.05). These data were separated into 4-mm
bins for visualization (see Fig. 4). To confirm any differences observed
at this group-map level, we applied the same method at the individual
level, and computed the number of significant voxels at specific
distances (from 0 to 140 mm in 20-mm bins, see Fig. 5) from the seed
ROI for each individual. The number of voxels within a given distance
range from a given seed that were significantly correlated with that
seed can be viewed as a binomial random variable, for which the
‘‘success probability’’ varies from subject to subject. We therefore
regressed the number of such voxels on age group using logistic
regression allowing for overdispersion (Collett 2003). The reduction in
deviance for such a model compared with the null model can be
referred to as a chi-square distribution to test for an overall effect of age
group. In addition we fitted separate models to each of the 3 pairs of
groups, which allowed us to test pairwise group differences.
Results
Movement Parameters
All but one participant exhibited minimal movement ( <1-mm
rms, see Supplementary Table 1 for summary statistics), a level
comparable to other studies comparing adults and children
(e.g., Kang et al. 2003; Wenger et al. 2004; Thomason et al.
2005; Fair et al. 2007; Church et al. 2008). Data were also
visually inspected for movement-related artifacts. The one
participant who exhibited excess movement, as indicated by
mean rms displacement and rotational movement >1 mm, and
visual identification of movement-related artifact, was excluded
from further analyses. To reflect the loss of this participant,
revised details for the analyzed children are as follows: n = 13,
mean age 10.5 ± 1.5 years, range: 8.7--12.7, 3 females.
Even though movement was minimal, across the entire group
there was a significant negative correlation between movement
(measured in terms of rms) and age (n = 39, r = –0.465, P < 0.01),
as well as rotation and age (n = 39, r = –0.588, P < 0.001). When
correlations were performed in each group separately, only the
young child group showed a significant negative correlation
between rms rotational movement and age (n = 13, r = –0.569,
P = 0.042). At this within-group level, no significant correlations
were observed for mean rms of displacement. Despite minimal
participant movement, motion regressors were included as
covariates in the GLM to account for any possible effects of
motion on FC.
Functional Connectivity
Overall, the FC maps for each of the 5 ACC ROIs differed
systematically from one another, as we expected from the
previous FC analysis of Margulies et al. (2007). The patterns of
FC observed were also consistent with the broad literature on
functional differentiation within the ACC (e.g., Elliott et al.
2000; Braver et al. 2001; Paus 2001; Frith and Frith 2003;
Botvinick et al. 2004; Amodio and Frith 2006; Taylor et al.
2007). The results for the adult group were almost identical to
those observed by Margulies et al. despite sharing only 9 subjects
and comprising a smaller number of participants overall. Most
striking, however, were the effects of development on FC, which
are described in detail below.
Motor Control—Caudal ACC (S1)
Positive FC. In adults, caudal seed S1 was positively correlated
with a bilateral network of posterior frontal, parietal and
subcortical regions associated with sensorimotor processes and
motor control, including pre- and postcentral cortex, putamen,
and thalamus (Paus 2001; Chouinard and Paus 2006) (Figs 1B
and 2). Peaks of FC (for the map resulting from all 3 groups
combined) are provided in Supplementary Table 2. Children
and adolescents exhibited patterns of FC that were highly
similar to that of the adult group, and voxelwise comparisons
revealed a monotonic increase in FC with right superior
temporal cortex from childhood (when the correlation is
negative) to adulthood (Table 1; see Fig. 2, shown in yellow),
but no other significant group differences. A plot of the mean
FC between seed S1 and this superior temporal cluster is
shown in Figure 3.
Voxel distance calculations. Figure 4 displays the number of
voxels that were significantly positively correlated with each
seed ROI, in intervals of 4 mm (Euclidean distance) from the
center of the seed. These data were computed on the basis of
the group-level thresholded Z-stat maps (min Z > 2.3; cluster
significance: P < 0.05, corrected). We then computed the
number of significantly positively correlated voxels at specific
distances (from 0 to 140 mm in 20-mm bins, see Fig. 5) from
the seed ROI for each individual (on the basis of their
thresholded Z-stat map). To examine group differences in
these distance data, we regressed the number of voxels at each
interval on age group using overdispersed logistic regression
and compared the resultant model to the null model using
a chi-square test. We did this for all 3 groups (testing an overall
effect of age group), and for all 3 pairings of the groups, to test
pairwise group differences. The results of these tests, for each
seed ROI and each distance interval, are displayed in Table 2.
This test did not reveal any significant overall or pairwise group
differences for seed S1.
Negative FC. In adults, seed S1 showed a negative relationship
with activity in ventromedial prefrontal cortex (PFC), posterior
lateral parietal cortex, posterior cingulate and precuneus, the
caudate and superior cerebellum. Children and adolescents
demonstrated a slightly different pattern of negative relation-
ships, which also included areas of temporal cortex, the lingual
gyrus, and ventromedial PFC. Peaks of negative FC (across all
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subjects) are provided in Supplementary Table 3. A significant
age-related increase in negative FC with parietal areas—left
inferior and superior parietal cortex and precuneus—was
observed (Fig. 2, shown in cyan; Table 1).
Attentional/Cognitive Control—Dorsal ACC (S3)
Positive FC. Consistent with studies of cognitive control
(Braver et al. 2001; Milham et al. 2001; Dosenbach et al. 2006;
Table 1
Location of clusters of connectivity (both positive and negative) that differed significantly between groups, for each of the 5 ACC seeds




Seed S3 Bilateral (BL) superior/middle/medial frontal gyri/caudate/putamen* 58 192 6/8/9/46/32 6 19 34
Seed S5 BL superior/middle frontal gyrus/ACC* 53 288 6/9/46/24/32 8 29 25
Right (R) precentral gyrus/insula 5592 6 42 5 8
Seed S7 R superior/middle/inferior/medial frontal gyrus/ACC 14 200 44/45/9/10/24 26 33 14
Left (L) superior/medial frontal gyri/ACC * 14 144 9/10/24/32 17 39 9
Seed I9 BL inferior frontal gyrus/medial/orbital PFC/ACC * 51 152 45/47/12/13/24/25 9 31 1
Negative connectivity
Seed S3 L superior/middle temporal gyrus 9952 21/22 44 31 8
R superior/middle temporal gyrus 18 832 21/22 48 26 4
Seed S5 BL culmen 4952 0 50 16
L middle temporal/parahippocampal gyrus 6416 21 38 57 23
R inferior parietal lobe/angular gyrus/posterior cingulate cortex 17 224 39/40/31 24 51 26
L inferior parietal lobe/angular gyrus 5272 40/39 34 26 11
Seed S7 R caudate/IPL 6232 40 28 26 23
R brainstem/culmen 5912 5 38 21
Adults[ children
Positive connectivity
Seed S1 R superior temporal gyrus/lingual gyrus* 25 600 21/22/18 40 48 1
Seed S7 R inferior parietal lobe/angular gyrus 4784 39/40 46 62 27
L inferior parietal lobe/angular gyrus 4640 39/40 49 62 27
BL posterior cingulate/precuneus* 15 528 23/31/7 2 51 25
Seed I9 BL inferior parietal/angular gyrus/precuneus/posterior cingulate cortex* 49 488 23/31/7/39/40 9 45 23
Negative connectivity
Seed S1 BL precuneus 6024 7 42 58 37
L posterior parietal 5112 7 4 68 38
Children[ adolescents
Positive connectivity
Seed S3 R precentral gyrus 6192 6 10 21 37
BL superior/middle/medial frontal gyrus/caudate 18 920 6/8/9/46 30 6 27
Seed S5 BL middle frontal gyrus/ACC 20 296 9/46/24/32 17 31 22
Seed S7 Left medial PFC/ACC 5992 10/24/32 16 38 7
Seed I9 Left inferior frontal gyrus/medial/orbital PFC/ACC 19 544 47/12/13/24/25 14 31 3
Negative connectivity
Seed S5 R inferior parietal lobe/angular gyrus 5248 39/40 42 56 36
L inferior parietal lobe/angular gyrus 4144 39/40 37 59 28
Adolescents[ children
Positive connectivity
Seed S3 R postcentral gyrus 4280 1/2/3 5 30 59
Seed S7 BL midcingulate cortex 5296 23 15 20 26
Negative connectivity
Seed S1 BL superior frontal gyrus 8264 8/9 2 32 43
Seed S3 L middle/inferior temporal gyrus 4696 21/22 42 43 6
Seed I9 R thalamus/caudate/parahippocampal gyrus 5544 29 41 10
L inferior parietal lobe/lingual gyrus 8568 40 23 48 21
Adults[ adolescents
Positive connectivity
Seed S1 R precentral Gyrus 13 936 6/4 2 83 15
Negative connectivity
Seed S1 L superior Parietal Lobe 6832 7 6 12 14
BL caudate/putamen/thalamus 10 856 36 60 37
Adolescents[ adults
Positive connectivity
Seed S7 L anterior insula/inferior frontal gyrus 4632 44/47/12 31 17 7
Seed I9 BL medial precentral cortex 4480 6 6 16 51
Negative connectivity
Seed S1 BL cuneus/middle occipital gyrus 5264 18/19 51 12 34
Seed S3 BL parahippocampal gyrus/cuneus 3608 18/19 14 59 2
R cuneus 4648 18/19 22 82 20
Seed S5 BL parahippocampal gyrus/lingual gyrus 9648 18/19 4 49 3
Note: Coordinates are reported in Talairach space. Positive coordinates denote right, anterior and superior. *Indicates the clusters plotted in Figure 3. BL, bilateral.
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Figure 2. Significant positive (red) and negative (blue) right-hemisphere connectivity for each ACC seed, for each group (Children, Adolescents, Adults), and across all subjects
combined (All Groups). Regions of age-related monotonic decreases in positive connectivity are indicated in orange and age-related monotonic decreases in negative connectivity
are indicated in green (on the children’s maps). Age-related monotonic increases in positive connectivity are indicated in yellow and age-related monotonic decreases in negative
connectivity are indicated in cyan (on the Adults’ maps). Surface maps were generated using SUMA (Saad et al. 2004) in Talairach space.
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Figure 3. The plots display the mean regression coefficient (reflecting FC) between each seed ROI and an example cluster that demonstrated significant group differences in
connectivity. The specific clusters plotted are indicated by a * in Table 1.
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Nee et al. 2007) the dorsal seed (S3) exhibited positive FC with
bilateral areas of superior medial PFC (including dorsal ACC
and presupplementary motor area/supplementary motor area),
lateral PFC (dlPFC, vlPFC, premotor), insula and inferior parietal
cortex (supramarginal gyrus) in adults (Figs 1B and 2; peaks of
FC are listed in Supplementary Table 4). In children, a greater
degree of FC with other prefrontal regions proximal to the
S3 seed was observed, particularly with regions in the left
hemisphere (see Fig. 1B). Direct voxelwise comparisons
revealed an age-related monotonic decrease in FC between
S3 and areas of superior and anterior medial and superior
lateral PFC, bilaterally, extending into the caudate and putamen
(Fig. 2, in orange; Table 1). The mean FC between seed S3 and
this prefrontal/basal ganglia cluster is plotted in Figure 3.
Voxel distance calculations. Testing for group differences in
the distance between the center of seed S3 and every other
significantly positively correlated voxel revealed a significant
overall effect of age group at short distances only (0--20 mm
and 21--40 mm; see Table 2, Figs 4 and 5). Direct pairwise
comparisons suggest that although the differences between
children and adults, and between children and adolescents
(for the shortest distance only) were significant, there were
no significant differences between adolescents and adults
(Table 2).
Negative FC. In adults, there was a negative relationship
between the S3 seed and a number of regions broadly
recognizable as the default-mode network. The negative
networks for children and adolescents were similar to those
of adults but less clearly delineated; additional negative
relationships between S3 and regions in the superior temporal
and lateral occipital cortices were observed. Peaks of negative
FC (across all subjects) are provided in Supplementary Table 5.
Voxelwise comparisons revealed a decrease in negative FC
between S3 and bilateral temporal areas, bilaterally, with age
(Fig. 2, in green; Table 1).
Conflict Monitoring—Rostral ACC (S5)
Positive FC. In line with studies of conflict monitoring and
decision making (Paulus et al. 2002; Botvinick et al. 2004), the
rostral seed S5 was positively correlated with bilateral regions
of medial PFC, frontal pole, midcingulate cortex and insula, and
right dlPFC, vlPFC and right inferior parietal cortex (angular
gyrus) in adults (Figs 1B and 2; for peaks of FC, see
Supplementary Table 6). Children showed a diffuse pattern of
FC with almost all areas of lateral and medial PFC and anterior
insula, but no significant FC with midcingulate and inferior
parietal areas. Adolescents showed an intermediate pattern of
FC, sharing aspects of the patterns shown by both children and
Figure 4. The histograms display, in intervals of 4 mm (Euclidean distance) from the center of the seed ROI, the number of voxels that were significantly correlated with the seed
ROI, for each network and for each group. These distance data were computed on the basis of the group-level thresholded Z-stat maps (min Z[ 2.3; cluster significance: P\
0.05, corrected).
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adults. Voxelwise comparisons revealed a monotonic decrease
in FC between the S5 seed and areas of superior and anterior
medial and lateral PFC, particularly in the left hemisphere
(Fig. 2, shown in orange; Table 1). A plot of the mean FC
between seed S5 and this prefrontal cluster is shown in Figure 3.
Voxel distance calculations. There was a significant overall
effect of group on the distance between the center of seed S5
and all other significantly positively correlated voxels for short
distances only (0--20 mm and 21--40 mm; see Table 2, Figs 4
and 5). Pairwise comparisons again suggest that although the
differences between children and adults, and between children
and adolescents were significant, there were no significant
differences between adolescents and adults (Table 2).
Negative FC. In adults, the S5 seed elicited well-defined
negative correlations with bilateral superior parietal lobe and
cuneus, bilaterally. Additional negative relationships were
observed between S5 and sensorimotor cortex (pre/postcentral
gyri), and middle and inferior temporal and fusiform gyri.
Children and adolescents showed a similar pattern of negative
FC, but more diffuse and comprising more extensive regions of
the parietal, occipital and temporal lobes (Figs 1B and 2). Peaks
of negative FC (across all subjects) are listed in Supplementary
Table 7. Voxelwise comparisons revealed age-related decreases
in negative FC between S5 and bilateral lateral parietal and
posterior cingulate areas and the superior cerebellum (Fig. 2,
shown in green; Table 1).
Social Processing—Perigenual ACC (S7)
Positive FC. In adults, perigenual seed S7 was positively
correlated with extensive bilateral regions of ventro- and
dorsomedial PFC, superior PFC, temporoparietal cortex (angu-
lar gyrus), inferior temporal cortex, the posterior cingulate and
precuneus, and the dorsal and ventral striatum (Supplementary
Table 8), consistent with areas identified in studies of
mentalizing (Frith and Frith 2003). As Figures 1B and 2
illustrate, children demonstrated a striking lack of the posterior
components of this network, while also demonstrating more
diffuse FC in frontal areas proximal to seed S7. Voxelwise
comparisons revealed age-related monotonic increases in FC
between S7 and bilateral regions of inferior parietal cortex and
precuneus (Fig. 2, shown in yellow), whereas monotonic
decreases in positive FC between S7 and orbital, dorsolateral,
ventrolateral, and dorsomedial portions of PFC, bilaterally, were
also observed (Fig. 2, shown in orange; see Table 1). Figure 3
plots the mean FC between seed S7 and 2 of the clusters that
showed age-related changes in FC: the left prefrontal and
posterior cingulate clusters.
Figure 5. The histograms display, in intervals of 20 mm (Euclidean distance) from the center of the seed ROI, the number of voxels that were significantly correlated with the
seed ROI, for each network. These data were computed by calculating the number of significantly correlated voxels in each distance bin, for each individual (min Z[ 2.3; cluster
significance: P\ 0.05, corrected). Significant effects of group are indicated on the histogram with a star: *P\ 0.05; **P\ 0.01. P values are uncorrected for multiple
comparisons.
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Voxel distance calculations. There was a significant overall
effect of group on the distance between the center of seed S7 and
all other significantly positively correlated voxels at both short
(0--20 mm) and long distances (101--120 mm and 121--140 mm;
see Table 2, Figs 4 and 5). In direct comparisons only the dif-
ferences between children and adults were significant (Table 2).
Negative FC. As observed previously (Margulies et al. 2007), the
S7 seed was negatively related to activity in regions that were
positively related to the caudal and dorsal seeds (S1 and S3),
including lateral prefrontal and premotor cortices, dorsal ACC,
and lateral parietal and medial occipital cortices, areas typically
thought to subserve higher order motor and attentional control
processes (see Supplementary Table 9 for peaks of negative FC,
across all subjects). Voxelwise comparisons revealed mono-
tonic decreases in negative FC between S7 and subcortical
areas; caudate, brainstem, and cerebellum (Fig. 2, shown in
green, see Table 1), whereas monotonic increases in negative
FC were observed between S7 and superior occipital cortex
(Fig. 2, shown in cyan, see Table 1).
Emotional Regulation—Subgenual ACC (I9)
Positive FC. In line with studies of emotional processing and
regulation (Drevets et al. 1997; Ochsner and Gross 2005), seed
I9, located in the subgenual ACC region corresponding to
Brodmann’s area (BA) 25, was associated with an extensive
pattern of correlated activity in bilateral limbic and paralimbic
structures, including the amygdala, regions of the medial
temporal lobe including the hippocampus, the orbitofrontal
cortex (OFC), as well as the ventral striatum, superior
frontal cortex, posterior cingulate, precuneus, and the angular
gyrus (Figs 1B and 2; Supplementary Table 10). As with the
more superior seed S7, children lacked the posterior compo-
nents of this network, while also demonstrating increased local
FC. Voxelwise comparisons revealed monotonic increases in
FC between I9 and lateral parietal cortex, the precuneus and
posterior cingulate (Fig. 2, in yellow, see Table 1), and
monotonic decreases in FC between the I9 seed and regions
of PFC, primarily medial and lateral orbitofrontal regions (Fig. 2,
shown in orange; see Table 1). The mean FC between seed I9
and these 2 clusters is plotted in Figure 3.
Voxel distance calculations. There was a significant overall
effect of group on the distance between the center of seed I9
and all other significantly positively correlated voxels at both
short (0--20 mm and 21--40 mm) and long distances (81--100 mm,
see Table 2, Figs 4 and 5). In direct comparisons the differences
between children and adolescents, and children and adults
were significant, but there were no significant differences
between adolescents and adults (Table 2).
Negative FC. In adults, the I9 seed showed a pattern of negative
FC that was highly similar to S7, and was negatively correlated
with a network of regions that is broadly considered to support
attentional and motor control (see Supplementary Table 11 for
peaks of negative FC). Children and adolescents exhibited
a more extensive pattern of negative correlations than adults,
and voxelwise comparisons revealed that there was a mono-
tonic decrease in negative FC between I9 and the precentral
gyrus with age (Fig. 2, shown in green, Table 1).
Nonmonotonic changes in FC. In addition to the monotonic
increases and decreases in FC, several nonmonotonic changes
were revealed in the direct contrasts between children and
adolescents, and adolescents and adults. A nonmonotonic
relationship was observed for FC between S1 and right
precentral cortex. Although both children and adults demon-
strated positive FC with this area, adolescents showed no
significant FC. Conversely, adolescents demonstrated greater
positive FC between S1 and the putamen and thalamus,
bilaterally, relative to children and adults, and with bilateral
medial lingual gyrus, relative to adults.
For seed S3, adolescents demonstrated increased positive FC
with right sensorimotor cortex, relative to children and
a pattern of negative FC with bilateral regions of the cuneus,
and the fusiform and parahippocampal gyri that was not
present for either children or adults. A similar pattern of
increased negative FC with parahippocampal and middle
temporal areas in adolescents was observed for S5.
Discussion
We examined the development of 5 functionally distinct
cingulate-based ICNs from late childhood (8--12 years) through
Table 2
Chi-square and P values for models testing for the overall effect of age group, and pairwise group comparisons, on the number of significantly positively correlated voxels at specific distances (from 0 to
140 mm in 20-mm bins) from the seed ROI
Distance from center of seed ROI
0--20 mm 21--40 mm 41--60 mm 61--80 mm 81--100 mm 101--120 mm 121--140 mm
Overall effect of Group (v2 with df 5 2)
S1: motor control 2.87 (0.24) 0.48 (0.78) 1.15(0.56) 1.58 (0.45) 0.73 (0.69) 0.06 (0.97) —
S3: cognitive control 10.4 (0.005) 9.01 (0.011) 1.6 (0.45) 0.73 (0.69) 1.1 (0.58) — —
S5: conflict monitoring 13.1 (0.001) 8.31 (0.016) 4.21 (0.12) 0.38 (0.82) 4.39 (0.11) 6.66 (0.036) —
S7: social/mentalizing 4.17 (0.12) 4.07 (0.13) 1.92 (0.38) 0.29 (0.86) 3.38 (0.18) 6.76 (0.034) 7.5 (0.023)
I9: emotional regulation 6.16 (0.046) 18 (0.0001) 3.7 (0.157) 0.24 (0.886) 7.62 (0.022) 5.27 (0.072) 1.12 (0.572)
Significant (P\ 0.05) pairwise comparisons (v2 with df 5 1)
S1: motor control — — — — — — —
S3: cognitive control Children[ adults;
Children[ adolescents
Children[ adults — — — — —
S5: conflict monitoring Children[ adults;
Children[ adolescents
Children[ adults — — — Adolescents[ children —
S7: social/mentalizing Children[ adults — — — Adults[ children Adults[ children Adults[ children
I9: emotional regulation Children[ adults Children[ adults;
children[ adolescents
— — Adults[ children;
Adolescents[ children
Adolescents[ children —
Note: P values are uncorrected for multiple comparisons.
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adolescence (13--17 years) to early adulthood (19--24 years).
These networks were associated with 5 domains of self-regulatory
control: 1) motor control, 2) attentional/cognitive control,
3) conflict monitoring and error processing, 4) mentalizing and
social processing, and 5) emotional regulation. The patterns of
FC associated with each of the ACC seeds were consistent with
the extant literature examining these functions and their
underlying neural bases (e.g., Drevets et al. 1997; Elliott et al.
2000; Braver et al. 2001; Milham et al. 2001; Paus 2001; Garavan
et al. 2002; Frith and Frith 2003; Phillips et al. 2003; Botvinick
et al. 2004; Ochsner et al. 2005; Amodio and Frith 2006;
Taylor et al. 2007).
Across the 5 networks, children demonstrated a pattern of
diffuse correlations with voxels proximal to the seed ROI (i.e.,
local FC), whereas adults exhibited more focal patterns of local
FC. Furthermore, adults exhibited a greater number of
significant correlations between the seed ROI and distal voxels,
relative to children. Adolescents exhibited an intermediate
pattern of FC that shared characteristics of the patterns of both
adults and children. Overall, these developmental patterns are
consistent with morphometric and structural neuroimaging
evidence suggesting that the adolescent period is marked by
a significant net decline in the density of synapses across the
brain (Huttenlocher 1979; Huttenlocher et al. 1982; Rakic et al.
1986; Bourgeois and Rakic 1993; Bourgeois et al. 1994; Rakic
et al. 1994; Giedd et al. 1999; Sowell et al. 2003). These data are
also consistent with functional neuroimaging studies that have
demonstrated an age-related shift from diffuse to focal task-
evoked activation patterns (Durston and Casey 2006; Durston
et al. 2006). Furthermore, our findings are consistent with
2 recent developmental studies of FC (Fair et al. 2007, 2008),
which reported that maturation of ICNs reflects a reduction in
short-range local correlation strength and an increase in the
strength of long-range FC.
Development of FC did not follow a uniform trajectory
across all functional networks. The perigenual (S7) and
subgenual (I9) networks associated with complex social and
emotional processing exhibited the greatest number of long-
range connections in adults. The ICNs associated with these
seeds also exhibited the greatest developmental effects in
terms of both monotonic increases in long-range FC and
monotonic decreases in diffuse local FC. The differential time
course of maturation among the 5 cingulate networks is
consistent with empirical evidence of an extended develop-
mental course for social and emotional functions, relative to
functions related to motor and attentional control (Nelson et al.
2003; Ernst et al. 2005; Blakemore and Choudhury 2006; Crone
et al. 2006; Galvan et al. 2006; Thomas et al. 2007).
Local and Long-Distance FC
We observed 2 primary patterns of developmental change in
ACC FC that are consistent with morphometric and structural
neuroimaging studies of the development of cerebral func-
tional organization. The first developmental change we
observed was with regard to what we defined as local FC, that
is, the pattern of correlations between the seed ROI and
proximal voxels (<40 mm). Although the ICNs of children
were characterized by widespread (diffuse) FC between the
seed ROI and proximal voxels, the ICNs of adults demonstrated
a more focal (spatially limited) pattern of FC. This type of
developmental transition has previously been termed ‘‘segre-
gation’’ by Fair et al. (2008, 2007), and can be observed in
Figure 1B and 2 (see regions colored orange), as well as in the
histograms displayed in Figures 4 and 5. The second de-
velopmental change we observed was a significant increase in
the number of significantly correlated voxels at long distances
( >70 mm) from the seed ROI (see regions colored yellow in
Fig. 2, and see also Figs 4 and 5). Fair et al. (2008, 2007) termed
this type of change in FC ‘‘integration,’’ to describe the in-
corporation of additional regions into an ICN with increasing age.
These patterns of age-related change are consistent with
evidence that the adolescent period is marked by a significant
net decline in the density of synapses across the brain
(Huttenlocher 1979; Huttenlocher et al. 1982; Rakic et al.
1986; Bourgeois and Rakic 1993; Bourgeois et al. 1994; Rakic
et al. 1994). Although synaptic pruning may correspond most
closely to the transition from diffuse to focal FC, the micro-
structural changes associated with synaptic pruning, together
with neuronal myelination, are also likely to underlie the
increases in long-distance FC, as these processes are thought to
enable efficient information processing and information transfer
across distal regions in the brain (Changeux and Danchin 1976;
Goldman-Rakic 1987; Huttenlocher 1990; Benes et al. 1994; Paus
et al. 1999; Casey et al. 2005). Also consistent with this
suggestion is the observation that FA, as measured by DTI,
shows continued increases during adolescence and early adult-
hood within a number of WM tracts that subserve communica-
tion between distal regions of cortex, including the inferior
fronto-occipital, superior longitudinal and uncinate fasciculi
(Olesen et al. 2003; Snook et al. 2005; Zhang et al. 2005; Liston
et al. 2006; Eluvathingal et al. 2007; Giorgio et al. 2008).
However, we agree with Fair et al. (2007, 2008) in
acknowledging that WM structural changes alone are likely
not sufficient to explain these results. Instead, given that the
interregional correlations that form the basis for ICNs are
thought to reflect a long-standing history of neuronal/regional
coactivation (Dosenbach et al. 2007; Fair et al. 2007; Pinsk and
Kastner 2007), age-related changes in ICN FC may reflect
experience-related changes in the patterns of regional coac-
tivation elicited by evoked (cognitive-, sensory-, and motor-
driven) activity in large-scale functional networks. Such evoked
activity is thought to play a central role in determining which
synaptic connections persist and which are eliminated during
development (Changeux and Danchin 1976; Rakic et al. 1994;
Innocenti and Price 2005). Thus, evoked activity impacts upon
both the structural and functional organization of the brain, and
this mutual influence may be reflected in the organization of
ICNs detected using FC analyses. Without the ability to directly
examine the links between these microstructural, macrostruc-
tural and functional observations, these suggestions are
speculative. Nonetheless, future studies, particularly longitudi-
nal studies in nonhuman primates, may provide support for
these speculations.
Developmental Changes in Default-Mode FC
The developmental changes in FC were most striking for seeds
S7 and I9; whereas strong positive correlation between these
seeds and the posterior cingulate/precuneus and temporopar-
ietal cortex was evident in adults, they were not observed in
children. Ventromedial PFC, posterior cingulate, precuneus and
temporoparietal cortex are core nodes of the ‘‘default-mode’’
network, an ICN that has received considerable recent
attention (Raichle et al. 2001; Fox and Raichle 2007), due to
its high metabolic activity at rest and its implication in social
Cerebral Cortex March 2009, V 19 N 3 651
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cognitive processes (e.g., Gusnard et al. 2001; Uddin et al.
2007). The absence of significant anterior--posterior connec-
tions within this network in children is consistent with the
findings of Fair et al. (2008, 2007), and with Fransson et al.
(2007) who demonstrated that a sample of preterm infants also
lacked anterior--posterior FC within the default-mode network.
Other recent studies have also demonstrated that FC between
the anterior and posterior nodes of the default-mode network
is reduced in elderly, relative to young adults (Andrews-Hanna
et al. 2007; Damoiseaux et al. 2007). Together, these findings
suggest that anterior--posterior FC of the default-mode network
follows an inverted-U-shaped developmental trajectory, whereby
FC increases from childhood to adulthood but subsequently
declines in old age. Furthermore, Hampson et al. (2006) recently
found that accuracy in a working memory task was correlated
with the strength of anterior--posterior FC within the default-
mode network, suggesting that maturation of this network may
impact cognitive, as well as social cognitive performance,
a suggestion that merits further examination.
Caudal-Ventral Gradient of Developmental Changes
Cognitive developmental studies suggest that more sophisticated
aspects of cognitive, emotional and social cognitive processing
continue to undergo substantial development throughout
adolescence and into adulthood (Nelson et al. 2003; Ernst et al.
2005; Steinberg 2005; Blakemore and Choudhury 2006; Crone
et al. 2006; Davidson et al. 2006; Galvan et al. 2006; Thomas et al.
2007; Hare et al. 2008). In particular, cognitive and emotional
functions, such as those involved in mood regulation, decision
making and reward processing, appear inherent to behaviors
which can become problematic in adolescence (e.g., substance
abuse, risk-taking, mood disorders) (Dahl 2004; Steinberg 2005;
Casey et al. 2008; Steinberg 2008). Such behaviors are thought to
reflect immature functioning of cognitive, social and emotional
networks (Steinberg 2005; Casey et al. 2008; Hare et al. 2008). In
line with these studies, we observed a gradient of development,
such that caudal and dorsal seeds (S1 and S3) showed less
marked differences across the age groups, suggestive of more
rapid maturation, than the ventromedial seeds (S7 and I9; see
Figs 1 and 2), which showed significant monotonic changes in FC
from childhood, through adolescence, to adulthood. The overall
effects of age group on long-distance correlations (Figs 4 and 5
and Table 2) also support the gradient of development observ-
able in the voxelwise results. The ICNs elicited by seeds S7 and I9
comprised a number of cortical and subcortical regions (e.g.,
subgenual cingulate/BA 25, ventral striatum and amygdala)
central to the cognitive and emotional domains implicated in
behaviors and disorders that onset during adolescence. For
example, both major depressive disorder and substance abuse are
extremely rare in childhood but increase sharply in incidence
during adolescence (Angold et al. 1998; Costello et al. 2003).
In addition to task-based functional imaging studies which
suggest a protracted developmental time course for emotional
and social cognitive networks, there is also anatomical
evidence for continued neuronal maturation of limbic and
paralimbic systems into adulthood. For example, Benes et al.
(1994) observed a 95% increase in the area of myelin staining in
the superior medullary lamina of the hippocampus between
the first and second decades of life, and continued myelination
of this brain area was observed into the sixth decade.
Interestingly, based on the anatomy of neuronal connections
in the area, Benes et al. suggest that some of the myelinating
axons in that region of the hippocampus may originate in the
cingulate gyrus (likely the subgenual area—Carmichael and
Price 1995a; Johansen-Berg et al. 2007). Finally, consistent with
our suggestions, Benes et al. noted that the extended time
course of myelination parallels the protracted development of
emotional regulation.
Development of Laterality
Reduced lateralization of task-related activations in children
and adolescents, relative to adults, has been observed in
a number of attentional tasks (e.g., Bunge et al. 2002; Moses
et al. 2002; Booth et al. 2003), and studies of language-related
function (Holland et al. 2001; Szaflarski et al. 2006). Our data
were consistent with these observations; for the ICNs
associated with seeds S3 and S5, we observed strongly bilateral
FC between the seed ROIs and lateral frontal regions in
children, but increasing lateralization of these frontal correla-
tions with age. Given that many functional networks, particu-
larly those associated with aspects of language function,
attention and cognitive control, are highly lateralized in adults
(e.g., Aboitiz et al. 1995; Coull and Nobre 1998; Garavan et al.
1999; Corbetta and Shulman 2002; Toga and Thompson 2003),
the age-related increases in lateralized FC strongly support our
suggestion that measures of FC can provide an accurate
reflection of maturational changes in functional networks.
Interestingly, this developmental progression also mirrors the
pattern of change seen in elderly adults, in whom decreasing
lateralization of task-evoked activity is often observed (Cabeza
2002; Cabeza et al. 2002; Dolcos et al. 2002), consistent with
the notion that brain functional organization demonstrates an
inverse-U-shaped developmental trajectory across the lifespan.
Monotonic Changes in FC and Negatively Correlated
Networks
Changes in brain functional organization during adolescence
are assumed to reflect the transition between immature
organization and efficient communication and collaboration
among brain regions (Luna and Sweeney 2004). Our data were
consistent with this interpretation. With few exceptions, the
developmental changes in FC we identified were monotonic
for the broad age groups we examined. Nonmonotonic changes
in FC, whereby a different pattern was observed for the
adolescent, relative to the adult and child groups, were most
frequently observed in the negatively correlated networks,
which appeared to undergo the most reorganization from
childhood to adulthood. Although the functional importance of
the negative relationships between networks remains un-
known (Fox et al. 2005; Fox and Raichle 2007), the de-
velopmental sensitivity of these networks may represent a clue
to their physiologic significance. Further, different patterns of
task-evoked activity in adolescents, relative to children and
adults, have been observed in several studies (McGivern et al.
2002; Galvan et al. 2006; Hare et al. 2008), and have been
interpreted as reflecting some of the cognitive and emotional
changes specific to adolescence (Casey et al. 2008). How such
an interpretation relates to adolescent-specific patterns of FC
merits further investigation.
Implications for Clinical Conditions
Perturbations of the maturational processes of synaptic pruning
and myelination have been proposed to underlie developmental
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pathologies, particularly autism (Piven et al. 1990; Courchesne
et al. 2004, 2005; Hazlett et al. 2005) and schizophrenia
(Feinberg 1982; McGlashan and Hoffman 2000; Thompson et al.
2004; Gogtay et al. 2007; Gogtay 2008). These theories are
supported by neuroimaging data. For example, findings from
a number of studies support the suggestion that neuronal
connectivity in autism is characterized by a predominance of
local neuronal connectivity and a lack of long-range connec-
tions between brain regions (Just et al. 2004, 2007; Courchesne
et al. 2005, 2007). Similarly, Shaw et al. (2007) showed that
attention-deficit/hyperactivity disorder was associated with
a delay in cortical maturation, measured in terms of cortical
gray matter thickness trajectories. This delay was most evident
in prefrontal regions, including the ACC. These findings suggest
the potential applicability of FC analyses, and specifically the
methods outlined here, to the study of clinical populations. The
acquisition of resting-state data from pediatric and clinical
populations is less effortful, and less prone to confounding
effects (such as floor, ceiling and practice effects), relative to
task-based fMRI studies.
More generally, the current findings also raise an important
caveat for FC studies in psychiatric populations. Given that the
ICNs detected in children may differ considerably from those
detected in adults, group differences robustly present in adult
samples may be absent in a pediatric group. Thus researchers
should exercise caution in the application of FC findings that
are based on adult samples to the investigation of develop-
mental psychopathologies.
Limitations and Future Directions
Although the basis of correlated low-frequency fluctuations in
fMRI BOLD remains poorly understood, there is a growing
consensus that at least some of the patterns of coherent
spontaneous activity track real anatomic connections between
neurons (both mono- and polysynaptic), and reflect functional
communications among neurons and neuronal assemblies that
may serve to organize and coordinate their activity (Leopold
et al. 2003; Buzsaki 2006; Raichle and Mintun 2006; Buckner
and Vincent 2007; Fox and Raichle 2007; Pinsk and Kastner
2007; Raichle and Snyder 2007; Cohen et al. forthcoming). In
the present study, we have observed that developmental
changes in FC may represent an index of microstructural
processes of brain maturation. Of course, as Rapoport and
Gogtay (2008) noted, MRI does not give us direct access to
such cellular changes, but the field of developmental neuro-
science has developed a ‘‘shorthand’’ of interpreting the
changes observed using MRI in terms of the purported
underlying microstructural processes of synaptic production
and elimination. Clearly, considerable further work is required,
particularly in animals, to bolster our claim that FC analyses of
resting-state BOLD data can provide a good indirect measure of
these processes.
One step in that direction will be relating FC measures to
indices of behavior and individual differences (Hampson et al.
2006; Fox et al. 2007; Seeley et al. 2007; Kelly et al. 2008).
Several studies have already observed correlations between
age-related changes in structural measures thought to reflect
myelination and synaptic pruning and age-related improve-
ments in cognitive functions such as working memory (Sowell
et al. 2001; Olesen et al. 2003; Nagy et al. 2004; Liston et al.
2006). The investigation of links between cognitive develop-
ment and FC measures represents an exciting avenue for future
research, particularly in light of hypotheses concerning
immature cognitive and emotional networks and problem
behavior in adolescence (e.g., Steinberg 2005; Casey et al.
2008).
In the present study, we were able to identify significant
voxelwise age-related differences in FC despite the small
sample employed. This suggests that the effects observed are
likely robust. Nonetheless, the true test of the present findings
will be confirmation within a longitudinal design. More generally,
determining the quantitative reliability of FC measures remains
a high priority. Although the spatial organization of ICNs, such
as the default-mode and ‘‘task positive’’ networks, is highly
replicable across samples (Beckmann et al. 2005; Damoiseaux
et al. 2006; De Luca et al. 2006; Fox et al. 2006), the temporal
stability of specific patterns of FC has not yet been demon-
strated. Finally, application of these methods to the study of
clinical populations will allow for the investigation of their
ability to detect patterns of hyper- and hypoconnectivity that
have been hypothesized on the basis of structural MRI findings
(Just et al. 2004; Liang et al. 2006; Garrity et al. 2007; Just et al.
2007; Kennedy and Courchesne 2007; Koshino et al. 2007).
Concluding Remarks
We examined the development of FC within 5 functionally
distinct cingulate-based ICNs from late childhood through
adolescence to early adulthood. Over this period we observed
a significant age-related shift in the patterns of FC associated
with each ACC seed. Although children demonstrated a pattern
of diffuse correlations with voxels proximal to the seed ROI (i.e.,
greater local FC), adult ICNs were characterized by more focal
patterns of local correlations and a greater number of significant
correlations between the seed ROI and distal voxels. We suggest
that this developmental trajectory is consistent with the patterns
of age-related changes in the brain’s structural and functional
organization as demonstrated by post-mortem histological
studies and structural and functional neuroimaging studies.
Our data are also consistent with cognitive developmental
studies that suggest an extended developmental time course for
social cognitive and emotional functions, relative to aspects of
motor and attentional control. Consequently, we suggest that
measures of FC may represent an index of brain maturation,
allowing us to track the purported underlying processes of
microstructural maturation, with utility for the investigation of
development, as well as developmental psychopathologies.
Supplementary Material
Supplementary material can be found at: http://www.cercor.
oxfordjournals.org/
Funding
Stavros S. Niarchos Foundation, the Leon Lowenstein Founda-
tion, NARSAD (The Mental Health Research Association) grants
to F.X.C.; and Linda and Richard Schaps, Jill and Bob Smith, and
the Taubman Foundation gifts to F.X.C.
Notes
Conflict of Interest : None declared.
Address correspondence to Michael P. Milham, MD, PhD, Phyllis
Green and Randolph Cowen Institute for Pediatric Neuroscience, NYU
Child Study Center, New York, NY 10016, USA. Email: Michael.
Milham@nyumc.org.




Aboitiz F, Ide A, Navarrete A, Pena M, Rodriguez E, Wolff V, Zaidel E.
1995. The anatomical substrates for language and hemispheric
specialization. Biol Res. 28:45--50.
Amodio DM, Frith CD. 2006. Meeting of minds: the medial frontal
cortex and social cognition. Nat Rev Neurosci. 7:268--277.
Andrews-Hanna JR, Snyder AZ, Vincent JL, Lustig C, Head D, Raichle ME,
Buckner RL. 2007. Disruption of large-scale brain systems in
advanced aging. Neuron. 56:924--935.
Angold A, Costello EJ, Worthman CM. 1998. Puberty and depression: the
roles of age, pubertal status and pubertal timing. Psychol Med. 28:51--61.
Bartzokis G, Beckson M, Lu PH, Nuechterlein KH, Edwards N, Mintz J.
2001. Age-related changes in frontal and temporal lobe volumes in
men: a magnetic resonance imaging study. Arch Gen Psychiatry.
58:461--465.
Beckmann CF, De Luca M, Devlin JT, Smith SM. 2005. Investigations into
resting-state connectivity using independent component analysis.
Philos Trans R Soc Lond B Biol Sci. 360:1001--1013.
Benes FM, Turtle M, Khan Y, Farol P. 1994. Myelination of a key relay
zone in the hippocampal formation occurs in the human brain
during childhood, adolescence, and adulthood. Arch Gen Psychiatry.
51:477--484.
Biswal B, Yetkin FZ, Haughton VM, Hyde JS. 1995. Functional
connectivity in the motor cortex of resting human brain using
echo-planar MRI. Magn Reson Med. 34:537--541.
Blakemore SJ, Choudhury S. 2006. Development of the adolescent
brain: implications for executive function and social cognition. J
Child Psychol Psychiatry. 47:296--312.
Booth JR, Burman DD, Meyer JR, Lei Z, Trommer BL, Davenport ND,
Li W, Parrish TB, Gitelman DR, Mesulam MM. 2003. Neural
development of selective attention and response inhibition. Neuro-
image. 20:737--751.
Botvinick M, Nystrom LE, Fissell K, Carter CS, Cohen JD. 1999. Conflict
monitoring versus selection-for-action in anterior cingulate cortex.
Nature. 402:179--181.
Botvinick MM, Cohen JD, Carter CS. 2004. Conflict monitoring and
anterior cingulate cortex: an update. Trends Cogn Sci. 8:539--546.
Bourgeois JP, Goldman-Rakic PS, Rakic P. 1994. Synaptogenesis in the
prefrontal cortex of rhesus monkeys. Cereb Cortex. 4:78--96.
Bourgeois JP, Rakic P. 1993. Changes of synaptic density in the primary
visual cortex of the macaque monkey from fetal to adult stage.
J Neurosci. 13:2801--2820.
Braver TS, Barch DM, Gray JR, Molfese DL, Snyder A. 2001. Anterior
cingulate cortex and response conflict: effects of frequency,
inhibition and errors. Cereb Cortex. 11:825--836.
Brett M, Johnsrude IS, Owen AM. 2002. The problem of functional
localization in the human brain. Nat Rev Neurosci. 3:243--249.
Brody BA, Kinney HC, Kloman AS, Gilles FH. 1987. Sequence of central
nervous system myelination in human infancy. I. An autopsy study of
myelination. J Neuropathol Exp Neurol. 46:283--301.
Brown TT, Lugar HM, Coalson RS, Miezin FM, Petersen SE, Schlaggar BL.
2005. Developmental changes in human cerebral functional
organization for word generation. Cereb Cortex. 15:275--290.
Buckner RL, Vincent JL. 2007. Unrest at rest: The importance of default
activity and spontaneous network correlations. Neuroimage.
doi:10.1016/j.neuroimage.2007.01.010.
Bunge SA, Dudukovic NM, Thomason ME, Vaidya CJ, Gabrieli JDE. 2002.
Immature frontal lobe contributions to cognitive control in
children: evidence from fMRI. Neuron. 33:301--311.
Bush G, Luu P, Posner MI. 2000. Cognitive and emotional influences in
anterior cingulate cortex. Trends Cogn Sci. 4:215--222.
Buzsaki G. 2006. Rhythms of the brain. New York: Oxford University
Press.
Cabeza R. 2002. Hemispheric asymmetry reduction in older adults: the
HAROLD model. Psychol Aging. 17:85--100.
Cabeza R, Anderson ND, Locantore JK, McIntosh AR. 2002. Aging
gracefully: compensatory brain activity in high-performing older
adults. Neuroimage. 17:1394--1402.
Carmichael ST, Price JL. 1995a. Limbic connections of the orbital and
medial prefrontal cortex in macaque monkeys. J Comp Neurol.
363:615--641.
Carmichael ST, Price JL. 1995b. Sensory and premotor connections of
the orbital and medial prefrontal cortex of macaque monkeys.
J Comp Neurol. 363:642--664.
Casey BJ, Getz S, Galvan A. 2008. The adolescent brain. Dev Rev.
28:62--77.
Casey BJ, Tottenham N, Liston C, Durston S. 2005. Imaging the
developing brain: what have we learned about cognitive develop-
ment? Trends Cogn Sci. 9:104--110.
Casey BJ, Trainor RJ, Orendi JL, Schubert AB, Nystrom LE, Giedd JN,
Castellanos FX, Haxby JV, Noll DC, Cohen JD, et al. 1997. A
developmental functional MRI study of prefrontal activation during
performance of a Go-No-Go task. J Cogn Neurosci. 9:835--847.
Changeux JP, Danchin A. 1976. Selective stabilisation of developing
synapses as a mechanism for the specification of neuronal networks.
Nature. 264:705--712.
Chouinard PA, Paus T. 2006. The primary motor and premotor areas of
the human cerebral cortex. Neuroscientist. 12:143--152.
Chugani HT, Phelps ME, Mazziotta JC. 1987. Positron emission
tomography study of human brain functional development. Ann
Neurol. 22:487--497.
Church JA, Coalson RS, Lugar HM, Petersen SE, Schlaggar BL. 2008. A
developmental fmri study of reading and repetition reveals changes in
phonological and visualmechanisms over age. CerebCortex. Advance
Access published on January 31, 2008, doi:10.1093/cercor/bhm228.
Cohen AL, Fair DA, Dosenbach NUF, Miezin FM, Dierker D, Van
Essen DC, Schlaggar BL, Petersen SE. Forthcoming. Defining
functional areas in individual human brains using resting functional
connectivity MRI. Neuroimage. 41:45--57.
Collett D. 2003. Modelling binary data. Boca Raton: Chapman & Hall/CRC.
Corbetta M, Shulman GL. 2002. Control of goal-directed and stimulus-
driven attention in the brain. Nat Rev Neurosci. 3:201--215.
Costello EJ, Mustillo S, Erkanli A, Keeler G, Angold A. 2003. Prevalence
and development of psychiatric disorders in childhood and
adolescence. Arch Gen Psychiatry. 60:837--844.
Coull JT, Nobre AC. 1998. Where and when to pay attention: the neural
systems for directing attention to spatial locations and to time
intervals as revealed by both PET and fMRI. J Neurosci. 18:7426--7435.
Courchesne E, Pierce K, Schumann CM, Redcay E, Buckwalter JA,
Kennedy DP, Morgan J. 2007. Mapping early brain development in
autism. Neuron. 56:399--413.
Courchesne E, Redcay E, Kennedy DP. 2004. The autistic brain: birth
through adulthood. Curr Opin Neurol. 17:489--496.
Courchesne E, Redcay E, Morgan JT, Kennedy DP. 2005. Autism at the
beginning: microstructural and growth abnormalities underlying the
cognitive and behavioral phenotype of autism. Dev Psychopathol.
17:577--597.
Cox RW. 1996. AFNI: software for analysis and visualization of
functional magnetic resonance neuroimages. Comput Biomed Res.
29:162--173.
Crone EA, Donohue SE, Honomichl R, Wendelken C, Bunge SA. 2006.
Brain regions mediating flexible rule use during development.
J Neurosci. 26:11239--11247.
Curtis CE. 2006. Prefrontal and parietal contributions to spatial working
memory. Neuroscience. 139:173--180.
Dahl RE. 2004. Adolescent brain development: a period of vulnerabilities
and opportunities. Keynote address. Ann N Y Acad Sci. 1021:1--22.
Damoiseaux JS, Beckmann CF, Arigita EJS, Barkhof F, Scheltens P,
Stam CJ, Smith SM, Rombouts SARB. 2007. Reduced resting-state
brain activity in the ‘‘default network’’ in normal aging. Cereb
Cortex. Advance Access published on December 5, 2007,
doi:10.1093/cercor/bhm207.
Damoiseaux JS, Rombouts SA, Barkhof F, Scheltens P, Stam CJ, Smith SM,
Beckmann CF. 2006. Consistent resting-state networks across
healthy subjects. Proc Natl Acad Sci USA. 103:13848--13853.
Davidson MC, Amso D, Anderson LC, Diamond A. 2006. Development of
cognitive control and executive functions from 4 to 13 years:
evidence from manipulations of memory, inhibition, and task
switching. Neuropsychologia. 44:2037--2078.
De Luca M, Beckmann CF, De Stefano N, Matthews PM, Smith SM. 2006.
fMRI resting state networks define distinct modes of long-distance
interactions in the human brain. Neuroimage. 29:1359--1367.
654 Development of ACC Functional Connectivity d Kelly et al.
139

Di Martino A, Scheres A, Margulies DS, Kelly AMC, Uddin LQ, Shehzad Z,
Biswal B, Walters JR, Castellanos FX, Milham MP. 2008. Functional
connectivity of human striatum: a resting state fMRI study. Cereb
Cortex. Epub: April 9, 2008.
Dolcos F, Rice HJ, Cabeza R. 2002. Hemispheric asymmetry and aging:
right hemisphere decline or asymmetry reduction. Neurosci
Biobehav Rev. 26:819--825.
Dosenbach NU, Fair DA, Cohen AL, Schlaggar BL, Petersen SE. 2008. A
dual-networks architecture of top-down control. Trends Cogn Sci.
12:99--105.
Dosenbach NUF, Fair DA, Miezin FM, Cohen AL, Wenger KK,
Dosenbach RAT, Fox MD, Snyder AZ, Vincent JL, Raichle ME, et al.
2007. Distinct brain networks for adaptive and stable task control in
humans. Proc Natl Acad Sci USA. 104:11073--11078.
Dosenbach NUF, Visscher KM, Palmer ED, Miezin FM, Wenger KK,
Kang HC, Burgund ED, Grimes AL, Schlaggar BL, Petersen SE. 2006. A
core system for the implementation of task sets. Neuron. 50:799--812.
Drevets WC, Price JL, Simpson JR, Jr, Todd RD, Reich T, Vannier M,
Raichle ME. 1997. Subgenual prefrontal cortex abnormalities in
mood disorders. Nature. 386:824--827.
Dum RP, Strick PL. 1991. The origin of corticospinal projections from
the premotor areas in the frontal lobe. J Neurosci. 11:667--689.
Durston S, Casey BJ. 2006. What have we learned about cognitive
development from neuroimaging? Neuropsychologia. 44:2149--2157.
Durston S, Davidson MC, Tottenham N, Galvan A, Spicer J, Fossella JA,
Casey BJ. 2006. A shift from diffuse to focal cortical activity with
development. Dev Sci. 9:1--8.
Elliott R, Dolan RJ, Frith CD. 2000. Dissociable functions in the medial
and lateral orbitofrontal cortex: evidence from human neuro-
imaging studies. Cereb Cortex. 10:308--317.
Eluvathingal TJ, Hasan KM, Kramer L, Fletcher JM, Ewing-Cobbs L. 2007.
Quantitative diffusion tensor tractography of association and pro-
jection fibers in normally developing children and adolescents.
Cereb Cortex. 17:2760--2768.
Ernst M, Nelson EE, Jazbec S, McClure EB, Monk CS, Leibenluft E, Blair J,
Pine DS. 2005. Amygdala and nucleus accumbens in responses to
receipt and omission of gains in adults and adolescents. Neuro-
image. 25:1279--1291.
Fair DA, Cohen AL, Dosenbach NU, Church JA, Miezin FM, Barch DM,
Raichle ME, Petersen SE, Schlaggar BL. 2008. The maturing
architecture of the brain’s default network. Proc Natl Acad Sci USA.
105:4028--4032.
Fair DA, Dosenbach NUF, Church JA, Cohen AL, Brahmbhatt S,
Miezin FM, Barch DM, Raichle ME, Petersen SE, Schlaggar BL.
2007. Development of distinct control networks through segrega-
tion and integration. Proc Natl Acad Sci USA. 104:13507--13512.
Feinberg I. 1982. Schizophrenia: caused by a fault in programmed
synaptic elimination during adolescence? J Psychiatr Res.
17:319--334.
Fox MD, Corbetta M, Snyder AZ, Vincent JL, Raichle ME. 2006.
Spontaneous neuronal activity distinguishes human dorsal and
ventral attention systems. Proc Natl Acad Sci USA. 103:10046--10051.
Fox MD, Raichle ME. 2007. Spontaneous fluctuations in brain activity
observed with functional magnetic resonance imaging. Nat Rev
Neurosci. 8:700--711.
Fox MD, Snyder AZ, Vincent JL, Corbetta M, Van Essen DC, Raichle ME.
2005. The human brain is intrinsically organized into dynamic,
anticorrelated functional networks. Proc Natl Acad Sci USA.
102:9673--9678.
Fox MD, Snyder AZ, Vincent JL, Raichle ME. 2007. Intrinsic fluctuations
within cortical systems account for intertrial variability in human
behavior. Neuron. 56:171--184.
Fransson P. 2006. How default is the default mode of brain function?
Further evidence from intrinsic BOLD signal fluctuations. Neuro-
psychologia. 44:2836--2845.
Fransson P, Skiold B, Horsch S, Nordell A, Blennow M, Lagercrantz H,
Aden U. 2007. Resting-state networks in the infant brain. Proc Natl
Acad Sci USA. 104:15531--15536.
Friston KJ, Frith CD, Liddle PF, Frackowiak RS. 1993. Functional
connectivity: the principal-component analysis of large (PET) data
sets. J Cereb Blood Flow Metab. 13:5--14.
Frith U, Frith CD. 2003. Development and neurophysiology of
mentalizing. Philos Trans R Soc Lond B Biol Sci. 358:459--473.
Galvan A, Hare TA, Parra CE, Penn J, Voss H, Glover G, Casey BJ. 2006.
Earlier development of the accumbens relative to orbitofrontal
cortex might underlie risk-taking behavior in adolescents. J Neuro-
sci. 26:6885--6892.
Garavan H, Ross TJ, Kaufman J, Stein EA. 2003. A midline dissociation
between error-processing and response-conflict monitoring. Neuro-
image. 20:1132--1139.
Garavan H, Ross TJ, Murphy K, Roche RA, Stein EA. 2002. Dissociable
executive functions in the dynamic control of behavior: inhibition,
error detection, and correction. Neuroimage. 17:1820--1829.
Garavan H, Ross TJ, Stein EA. 1999. Right hemispheric dominance of
inhibitory control: an event-related functional MRI study. Proc Natl
Acad Sci USA. 96:8301--8306.
Garrity AG, Pearlson GD, McKiernan K, Lloyd D, Kiehl KA, Calhoun VD.
2007. Aberrant ‘‘default mode’’ functional connectivity in schizo-
phrenia. Am J Psychiatry. 164:450--457.
Giedd JN. 2004. Structural magnetic resonance imaging of the
adolescent brain. Ann N Y Acad Sci. 1021:77--85.
Giedd JN, Blumenthal J, Jeffries NO, Castellanos FX, Liu H, Zijdenbos A,
Paus T, Evans AC, Rapoport JL. 1999. Brain development during
childhood and adolescence: a longitudinal MRI study. Nat Neurosci.
2:861--863.
Giorgio A, Watkins KE, Douaud G, James AC, James S, De Stefano N,
Matthews PM, Smith SM, Johansen-Berg H. 2008. Changes in white
matter microstructure during adolescence. Neuroimage. 39:52--61.
Gogtay N. 2008. Cortical brain development in schizophrenia: insights
from neuroimaging studies in childhood-onset schizophrenia.
Schizophr Bull. 34:30--36.
Gogtay N, Giedd JN, Lusk L, Hayashi KM, Greenstein D, Vaituzis AC,
Nugent TF, 3rd, Herman DH, Clasen LS, Toga AW, et al. 2004.
Dynamic mapping of human cortical development during child-
hood through early adulthood. Proc Natl Acad Sci USA. 101:
8174--8179.
Gogtay N, Greenstein D, Lenane M, Clasen L, Sharp W, Gochman P,
Butler P, Evans A, Rapoport J. 2007. Cortical brain development in
nonpsychotic siblings of patients with childhood-onset schizophre-
nia. Arch Gen Psychiatry. 64:772--780.
Goldman-Rakic PS. 1987. Development of cortical circuitry and
cognitive function. Child Dev. 58:601--622.
Goldman-Rakic PS, Brown RM. 1982. Postnatal development of mono-
amine content and synthesis in the cerebral cortex of rhesus
monkeys. Brain Res. 256:339--349.
Greicius MD, Menon V. 2004. Default-mode activity during a passive
sensory task: uncoupled from deactivation but impacting activation.
J Cogn Neurosci. 16:1484--1492.
Greicius MD, Supekar K, Menon V, Dougherty RF. 2008. Resting-state
functional connectivity reflects structural connectivity in the
default mode network. Cereb Cortex. Advance Access published
on April 9, 2008, doi:10.1093/cercor/bhn059.
Gusnard DA, Akbudak E, Shulman GL, Raichle ME. 2001. Medial
prefrontal cortex and self-referential mental activity: relation to
a default mode of brain function. Proc Natl Acad Sci USA.
98:4259--4264.
Hampson M, Driesen NR, Skudlarski P, Gore JC, Constable RT. 2006.
Brain connectivity related to working memory performance.
J Neurosci. 26:13338--13343.
Hare TA, Tottenham N, Galvan A, Voss HU, Glover GH, Casey BJ. 2008.
Biological substrates of emotional reactivity and regulation in
adolescence during an emotional go-nogo task. Biol Psychiatry.
63:927--934.
Hazlett HC, Poe M, Gerig G, Smith RG, Provenzale J, Ross A, Gilmore J,
Piven J. 2005. Magnetic resonance imaging and head circumference
study of brain size in autism: birth through age 2 years. Arch Gen
Psychiatry. 62:1366--1376.
Hester RL, Murphy K, Foxe JJ, Foxe DM, Javitt DC, Garavan H. 2004.
Predicting success: patterns of cortical activation and deactivation
prior to response inhibition. J Cogn Neurosci. 16:776--785.
Cerebral Cortex March 2009, V 19 N 3 655
140

Holland SK, Plante E, Weber Byars A, Strawsburg RH, Schmithorst VJ,
Ball WS, Jr. 2001. Normal fMRI brain activation patterns in children
performing a verb generation task. Neuroimage. 14:837--843.
Huttenlocher PR. 1979. Synaptic density in human frontal cortex—de-
velopmental changes and effects of aging. Brain Res. 163:195--205.
Huttenlocher PR. 1990. Morphometric study of human cerebral cortex
development. Neuropsychologia. 28:517--527.
Huttenlocher PR, Dabholkar AS. 1997. Regional differences in synapto-
genesis in human cerebral cortex. J Comp Neurol. 387:167--178.
Huttenlocher PR, de Courten C, Garey LJ, Van der Loos H. 1982.
Synaptogenesis in human visual cortex—evidence for synapse
elimination during normal development. Neurosci Lett. 33:
247--252.
Innocenti GM, Price DJ. 2005. Exuberance in the development of
cortical networks. Nat Rev Neurosci. 6:955--965.
Jacobs B, Chugani HT, Allada V, Chen S, Phelps ME, Pollack DB,
Raleigh MJ. 1995. Developmental changes in brain metabolism in
sedated rhesus macaques and vervet monkeys revealed by positron
emission tomography. Cereb Cortex. 5:222--233.
Johansen-Berg H, Gutman DA, Behrens TE, Matthews PM,
Rushworth MF, Katz E, Lozano AM, Mayberg HS. 2008. Anatomical
connectivity of the subgenual cingulate region targeted with deep
brain stimulation for treatment-resistant depression. Cereb Cortex.
18:1374--1383.
Johnson SC, Baxter LC, Wilder LS, Pipe JG, Heiserman JE, Prigatano GP.
2002. Neural correlates of self-reflection. Brain. 125:1808--1814.
Just MA, Cherkassky VL, Keller TA, Kana RK, Minshew NJ. 2007.
Functional and anatomical cortical underconnectivity in autism:
evidence from an FMRI study of an executive function task and
corpus callosum morphometry. Cereb Cortex. 17:951--961.
Just MA, Cherkassky VL, Keller TA, Minshew NJ. 2004. Cortical
activation and synchronization during sentence comprehension in
high-functioning autism: evidence of underconnectivity. Brain.
127:1811--1821.
Kang HC, Burgund ED, Lugar HM, Petersen SE, Schlaggar BL. 2003.
Comparison of functional activation foci in children and adults using
a common stereotactic space. Neuroimage. 19:16--28.
Kannurpatti SS, Biswal BB, Kim YR, Rosen BR. 2008. Spatio temporal
characteristics of low frequency BOLD signal fluctuations in
isoflurane anesthetized rat brain. Neuroimage. 40:1738--1747.
Kelly AMC, Uddin LQ, Biswal BB, Castellanos FX, Milham MP. 2008.
Competition between functional brain networks mediates behav-
ioral variability. Neuroimage. 39:527--537.
Kennedy DP, Courchesne E. 2007. The intrinsic functional organization
of the brain is altered in autism. Neuroimage. 39:1877--1885.
Kiehl KA, Liddle PF, Hopfinger JB. 2000. Error processing and the rostral
anterior cingulate: an event-related fMRI study. Psychophysiology.
37:216--223.
Knutson B, Fong GW, Bennett SM, Adams CM, Hommer D. 2003. A
region of mesial prefrontal cortex tracks monetarily rewarding
outcomes: characterization with rapid event-related fMRI. Neuro-
image. 18:263--272.
Koshino H, Kana RK, Keller TA, Cherkassky VL, Minshew NJ, Just MA.
2007. fMRI investigation of working memory for faces in autism:
visual coding and underconnectivity with frontal areas. Cereb
Cortex. 18:289--300.
Kroger JK, Sabb FW, Fales CL, Bookheimer SY, Cohen MS, Holyoak KJ.
2002. Recruitment of anterior dorsolateral prefrontal cortex in
human reasoning: a parametric study of relational complexity.
Cereb Cortex. 12:477--485.
LaMantia AS, Rakic P. 1994. Axon overproduction and elimination in the
anterior commissure of the developing rhesus monkey. J Comp
Neurol. 340:328--336.
Lambe EK, Krimer LS, Goldman-Rakic PS. 2000. Differential postnatal
development of catecholamine and serotonin inputs to identified
neurons in prefrontal cortex of rhesus monkey. J Neurosci.
20:8780--8787.
Leopold DA, Murayama Y, Logothetis NK. 2003. Very slow activity
fluctuations in monkey visual cortex: implications for functional
brain imaging. Cereb Cortex. 13:422--433.
Liang M, Zhou Y, Jiang T, Liu Z, Tian L, Liu H, Hao Y. 2006.
Widespread functional disconnectivity in schizophrenia with
resting-state functional magnetic resonance imaging. Neurore-
port. 17:209--213.
Lidow MS, Goldman-Rakic PS, Rakic P. 1991. Synchronized over-
production of neurotransmitter receptors in diverse regions of the
primate cerebral cortex. Proc Natl Acad Sci USA. 88:10218--10221.
Lidow MS, Rakic P. 1992. Scheduling of monoaminergic neurotrans-
mitter receptor expression in the primate neocortex during
postnatal development. Cereb Cortex. 2:401--416.
Liston C, Watts R, Tottenham N, Davidson MC, Niogi S, Ulug AM,
Casey BJ. 2006. Frontostriatal microstructure modulates efficient
recruitment of cognitive control. Cereb Cortex. 16:553--560.
Luna B, Sweeney JA. 2004. The emergence of collaborative brain
function: FMRI studies of the development of response inhibition.
Ann N Y Acad Sci. 1021:296--309.
Luo Q, Perry C, Peng D, Jin Z, Xu D, Ding G, Xu S. 2003. The neural
substrate of analogical reasoning: an fMRI study. Brain Res Cogn
Brain Res. 17:527--534.
Lutcke H, Frahm J. 2007. Lateralized anterior cingulate function during
error processing and conflict monitoring as revealed by high-
resolution fMRI. Cereb Cortex. 18:508--515.
Margulies DS, Kelly AMC, Uddin LQ, Biswal BB, Castellanos FX,
Milham MP. 2007. Mapping the functional connectivity of anterior
cingulate cortex. Neuroimage. 37:579--588.
Mayberg HS. 2006. Defining neurocircuits in depression. Psychiatric
Ann. 36:259--269.
McGivern RF, Andersen J, Byrd D, Mutter KL, Reilly J. 2002. Cognitive
efficiency on a match to sample task decreases at the onset of
puberty in children. Brain Cogn. 50:73--89.
McGlashan TH, Hoffman RE. 2000. Schizophrenia as a disorder of
developmentally reduced synaptic connectivity. Arch Gen Psychi-
atry. 57:637--648.
Milham MP, Banich MT. 2005. Anterior cingulate cortex: an fMRI
analysis of conflict specificity and functional differentiation. Hum
Brain Mapp. 25:328--335.
Milham MP, Banich MT, Webb A, Barad V, Cohen NJ, Wszalek T,
Kramer AF. 2001. The relative involvement of anterior cingulate and
prefrontal cortex in attentional control depends on nature of
conflict. Brain Res Cogn Brain Res. 12:467--473.
Moses P, Roe K, Buxton RB, Wong EC, Frank LR, Stiles J. 2002.
Functional MRI of global and local processing in children. Neuro-
image. 16:415--424.
Nagy Z, Westerberg H, Klingberg T. 2004. Maturation of white matter is
associated with the development of cognitive functions during
childhood. J Cogn Neurosci. 16:1227--1233.
Nee DE, Wager TD, Jonides J. 2007. Interference resolution: insights
from a meta-analysis of neuroimaging tasks. Cogn Affect Behav
Neurosci. 7:1--17.
Nelson EE, McClure EB, Monk CS, Zarahn E, Leibenluft E, Pine DS,
Ernst M. 2003. Developmental differences in neuronal engagement
during implicit encoding of emotional faces: an event-related fMRI
study. J Child Psychol Psychiatry. 44:1015--1024.
Ochsner KN, Beer JS, Robertson ER, Cooper JC, Gabrieli JD,
Kihsltrom JF, D’Esposito M. 2005. The neural correlates of direct
and reflected self-knowledge. Neuroimage. 28:797--814.
Ochsner KN, Gross JJ. 2005. The cognitive control of emotion. Trends
Cogn Sci. 9:242--249.
Olesen PJ, Nagy Z, Westerberg H, Klingberg T. 2003. Combined analysis
of DTI and fMRI data reveals a joint maturation of white and grey
matter in a fronto-parietal network. Brain Res Cogn Brain Res.
18:48--57.
Paulus MP, Frank LR. 2006. Anterior cingulate activity modulates
nonlinear decision weight function of uncertain prospects. Neuro-
image. 30:668--677.
Paulus MP, Hozack N, Frank L, Brown GG. 2002. Error rate and outcome
predictability affect neural activation in prefrontal cortex and
anterior cingulate during decision-making. Neuroimage. 15:
836--846.
Paus T. 2001. Primate anterior cingulate cortex: where motor control,
drive and cognition interface. Nat Rev Neurosci. 2:417--424.
656 Development of ACC Functional Connectivity d Kelly et al.
141

Paus T, Zijdenbos A, Worsley K, Collins DL, Blumenthal J, Giedd JN,
Rapoport JL, Evans AC. 1999. Structural maturation of neural
pathways in children and adolescents: in vivo study. Science.
283:1908--1911.
Petanjek Z, Judas M, Kostovic I, Uylings HB. 2008. Lifespan alterations of
basal dendritic trees of pyramidal neurons in the human prefrontal
cortex: a layer-specific pattern. Cereb Cortex. 18:915--929.
Phan KL, Wager T, Taylor SF, Liberzon I. 2002. Functional neuroanat-
omy of emotion: a meta-analysis of emotion activation studies in PET
and fMRI. Neuroimage. 16:331--348.
Phillips ML, Drevets WC, Rauch SL, Lane R. 2003. Neurobiology of
emotion perception I: The neural basis of normal emotion
perception. Biol Psychiatry. 54:504--514.
Pinsk MA, Kastner S. 2007. Neuroscience—unconscious networking.
Nature. 447:546--547.
Piven J, Berthier ML, Starkstein SE, Nehme E, Pearlson G, Folstein S.
1990. Magnetic resonance imaging evidence for a defect of cerebral
cortical development in autism. Am J Psychiatry. 147:734--739.
Posner MI, Petersen SE. 1990. The attention system of the human brain.
Annu Rev Neurosci. 13:25--42.
Raichle ME, MacLeod AM, Snyder AZ, Powers WJ, Gusnard DA,
Shulman GL. 2001. A default mode of brain function. Proc Natl
Acad Sci USA. 98:676--682.
Raichle ME, Mintun MA. 2006. Brain work and brain imaging. Annu Rev
Neurosci. 29:449--476.
Raichle ME, Snyder AZ. 2007. A default mode of brain function: a brief
history of an evolving idea. Neuroimage. 37:1083--1090discussion
1089--1097.
Rakic P, Bourgeois JP, Eckenhoff MF, Zecevic N, Goldman-Rakic PS.
1986. Concurrent overproduction of synapses in diverse regions of
the primate cerebral cortex. Science. 232:232--235.
Rakic P, Bourgeois JP, Goldman-Rakic PS. 1994. Synaptic development
of the cerebral cortex: implications for learning, memory, and
mental illness. Prog Brain Res. 102:227--243.
Rapoport JL, Gogtay N. 2008. Brain neuroplasticity in healthy,
hyperactive and psychotic children: insights from neuroimaging.
Neuropsychopharmacology. 33:181--197.
Ridderinkhof KR, van der Molen MW, Band GP, Bashore TR. 1997.
Sources of interference from irrelevant information: a developmental
study. J Exp Child Psychol. 65:315--341.
Rilling JK, Barks SK, Parr LA, Preuss TM, Faber TL, Pagnoni G,
Bremner JD, Votaw JR. 2007. A comparison of resting-state brain
activity in humans and chimpanzees. Proc Natl Acad Sci USA.
104:17146--17151.
Rosenberg DR, Lewis DA. 1995. Postnatal maturation of the dopami-
nergic innervation of monkey prefrontal and motor cortices:
a tyrosine hydroxylase immunohistochemical analysis. J Comp
Neurol. 358:383--400.
Rueda MR, Fan J, McCandliss BD, Halparin JD, Gruber DB, Lercari LP,
Posner MI. 2004. Development of attentional networks in child-
hood. Neuropsychologia. 42:1029--1040.
Rueda MR, Posner MI, Rothbart MK. 2005. The development of
executive attention: contributions to the emergence of self-
regulation. Dev Neuropsychol. 28:573--594.
Saad ZS, Reynolds RC, Argall B, Japee S, Cox RW. 2004. SUMA: an
interface for surface-based intra- and inter-subject analysis with
AFNI. IEEE International Symposium on Biomedical Imaging: Nano
to Macro: 2:1510--1513.
Seeley WW, Menon V, Schatzberg AF, Keller J, Glover GH, Kenna H,
Reiss AL, Greicius MD. 2007. Dissociable intrinsic connectivity
networks for salience processing and executive control. J Neurosci.
27:2349--2356.
Shaw P, Eckstrand K, Sharp W, Blumenthal J, Lerch JP, Greenstein D,
Clasen L, Evans A, Giedd J, Rapoport JL. 2007. Attention-deficit/
hyperactivity disorder is characterized by a delay in cortical
maturation. Proc Natl Acad Sci USA. 104:19649--19654.
Snook L, Paulson LA, Roy D, Phillips L, Beaulieu C. 2005. Diffusion
tensor imaging of neurodevelopment in children and young adults.
Neuroimage. 26:1164--1173.
Sowell ER, Delis D, Stiles J, Jernigan TL. 2001. Improved memory
functioning and frontal lobe maturation between childhood and
adolescence: a structural MRI study. J Int Neuropsychol Soc.
7:312--322.
Sowell ER, Peterson BS, Thompson PM, Welcome SE, Henkenius AL,
Toga AW. 2003. Mapping cortical change across the human life
span. Nat Neurosci. 6:309--315.
Sowell ER, Thompson PM, Holmes CJ, Jernigan TL, Toga AW. 1999. In
vivo evidence for post-adolescent brain maturation in frontal and
striatal regions. Nat Neurosci. 2:859--861.
Sowell ER, Thompson PM, Tessner KD, Toga AW. 2001. Mapping
continued brain growth and gray matter density reduction in dorsal
frontal cortex: inverse relationships during postadolescent brain
maturation. J Neurosci. 21:8819--8829.
Sowell ER, Thompson PM, Toga AW. 2004. Mapping changes in the human
cortex throughout the span of life. Neuroscientist. 10:372--392.
Steinberg L. 2005. Cognitive and affective development in adolescence.
Trends Cogn Sci. 9:69--74.
Steinberg L. 2008. A social neuroscience perspective on adolescent
risk-taking. Dev Rev. 28:78--106.
Szaflarski JP, Holland SK, Schmithorst VJ, Byars AW. 2006. fMRI study of
language lateralization in children and adults. Hum Brain Mapp.
27:202--212.
Talairach J, Tournoux P. 1988. Co-planar stereotaxic atlas of the human
brain. New York: Thieme Medical Publishers, Inc.
Tamm L, Menon V, Reiss AL. 2002. Maturation of brain function
associated with response inhibition. J Am Acad Child Adolesc
Psychiatry. 41:1231--1238.
Taylor SF, Martis B, Fitzgerald KD, Welsh RC, Abelson JL, Liberzon I,
Himle JA, Gehring WJ. 2006. Medial frontal cortex activity and loss-
related responses to errors. J Neurosci. 26:4063--4070.
Taylor SF, Stern ER, Gehring WJ. 2007. Neural systems for error
monitoring: recent findings and theoretical perspectives. Neurosci-
entist. 13:160--172.
Thomas LA, De Bellis MD, Graham R, LaBar KS. 2007. Development of
emotional facial recognition in late childhood and adolescence. Dev
Sci. 10:547--558.
Thomason ME, Burrows BE, Gabrieli JD, Glover GH. 2005. Breath
holding reveals differences in fMRI BOLD signal in children and
adults. Neuroimage. 25:824--837.
Thompson PM, Hayashi KM, Sowell ER, Gogtay N, Giedd JN,
Rapoport JL, de Zubicaray GI, Janke AL, Rose SE, Semple J, et al.
2004. Mapping cortical change in Alzheimer’s disease, brain
development, and schizophrenia. Neuroimage. 23(Suppl 1):S2--S18.
Toga AW, Thompson PM. 2003. Mapping brain asymmetry. Nat Rev
Neurosci. 4:37--48.
Toro R, Fox PT, Paus T. 2008. Functional coactivation map of the human
brain. Cereb Cortex. Epub: February 21, 2008.
Uddin LQ, Iacoboni M, Lange C, Keenan JP. 2007. The self and social
cognition: the role of cortical midline structures and mirror
neurons. Trends Cogn Sci. 11:153--157.
Vincent JL, Patel GH, Fox MD, Snyder AZ, Baker JT, Van Essen DC,
Zempel JM, Snyder LH, Corbetta M, Raichle ME. 2007. Intrinsic
functional architecture in the anaesthetized monkey brain. Nature.
447:83--86.
Wager TD, Smith EE. 2003. Neuroimaging studies of working memory:
a meta-analysis. Cogn Affect Behav Neurosci. 3:255--274.
Weissman DH, Roberts KC, Visscher KM, Woldorff MG. 2006. The neural
bases of momentary lapses in attention. Nat Neurosci. 9:971--978.
Wenger KK, Visscher KM, Miezin FM, Petersen SE, Schlaggar BL. 2004.
Comparison of sustained and transient activity in children and
adults using a mixed blocked/event-related fMRI design. Neuro-
image. 22:975--985.
Yakovlev PI, Lecours AR. 1967. The myelogenetic cycles of regional
maturation of the brain. In: Minkowski A, editor. Regional development
of the brain in early life. Oxford: Blackwell Scientific. p. 3--70.
Zhang LJ, Thomas KM, Davidson MC, Casey BJ, Heier LA, Ulug AM. 2005.
MR quantitation of volume and diffusion changes in the developing
brain. Am J Neuroradiol. 26:45--49.




Regional Variation in Interhemispheric Coordination of
Intrinsic Hemodynamic Fluctuations
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Electrophysiological studies have longdemonstrated a highdegree of correlated activity between the left and right hemispheres, however
little is known about regional variation in this interhemispheric coordination.Whereas cognitivemodels and neuroanatomical evidence
suggest differences in coordination across primary sensory-motor cortices versus higher-order association areas, these have not been
characterized. Here, we used resting-state functional magnetic resonance imaging data acquired from 62 healthy volunteers to examine
interregional correlation in spontaneous low-frequency hemodynamic fluctuations. Using a probabilistic atlas, we correlated
probability-weighted time series from 112 regions comprising the entire cerebrum. We then examined regional variation in correlated
activity between homotopic regions, contrasting primary sensory-motor cortices, unimodal association areas, and heteromodal associ-
ation areas. Consistent with previous studies, robustly correlated spontaneous activity was noted between all homotopic regions, which
was significantly higher than that between nonhomotopic (heterotopic and intrahemispheric) regions. We further demonstrated sub-
stantial regional variation in homotopic interhemispheric correlations that was highly consistent across subjects. Specifically, there was
a gradient of interhemispheric correlation, with highest correlations across primary sensory-motor cortices (0.758, SD 0.152), signif-
icantly lower correlations across unimodal association areas (0.597, SD 0.230) and still lower correlations across heteromodal associ-
ation areas (0.517, SD 0.226). These results demonstrate functional differences in interhemispheric coordination related to the brain’s
hierarchical subdivisions. Synchrony across primary cortices may reflect networks engaged in bilateral sensory integration and motor
coordination, whereas lower coordination across heteromodal association areas is consistent with functional lateralization of these
regions. This novelmethodof examining interhemispheric coordinationmay yield insights regardingdiverse disease processes aswell as
healthy development.
Key words: interhemispheric; synchrony; functional MRI; connectivity; lateralization; hemisphere; coordination
Introduction
Models of the brain’s functional architecture emphasize both dis-
tributed processing within spatially segregated regions and long-
range integration across regions. These organizing principles be-
come especially apparent with regard to interhemispheric
coordination. Processing of sensory inputs and motor outputs
requires integration between the hemispheres, whereas higher-
order cognitive functions including language and spatial atten-
tion are predominantly lateralized (Toga and Thompson, 2003).
Such considerations suggest that the nature of interhemispheric
coordination may differ across regions, yet little is known about
regional variation in interhemispheric coordination across the
brain.
Resting-state EEG studies have long demonstrated coherent
electrical activity between the left and right hemispheres (Duffy et
al., 1996). Likewise, functional neuroimaging studies consistently
reveal bilateral patterns of coactivation (Toro et al., 2008). The
corpus callosum appears to play a central role in mediating this
coordination, as interhemispheric coherence is decreased in acal-
losal (Nielsen et al., 1993; Koeda et al., 1995) and callosotomized
(Johnston et al., 2008) patients. Indeed, postmortem tracing
studies in animals indicate that most callosal fibers interconnect
homotopic regions (Innocenti, 1986), defined as corresponding
anatomical areas in opposite hemispheres.
Whereas studies report a high overall degree of interhemi-
spheric coordination, with functional coupling likely subserved
by the callosum, regional variation in such interhemispheric con-
nectivity has been reported, primarily in anatomical studies (To-
masch, 1954; LaMantia and Rakic, 1990b; Aboitiz et al., 1992).
Such anatomical variability suggests functional differences in in-
terhemispheric coordination across different regions, yet studies
performed to date, limited by low spatial resolution inherent to
EEG, have not distinguished such regional differences.
Resting-state functional magnetic resonance imaging (fMRI)
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approaches enable simultaneous examination of correlated activ-
ity across many regions and thus offer a novel means for studying
interhemispheric coordination. Temporally correlated patterns
of low-frequency spontaneous (nonevoked) brain activity re-
vealed by this approach recapitulate known functional and neu-
roanatomical networks. Moreover, their presence has been dem-
onstrated during task performance, sleep, sedation, anesthesia,
and at rest, suggesting that they reflect intrinsic aspects of the
brain’s functional architecture (Fox andRaichle, 2007; Vincent et
al., 2007; Greicius et al., 2008). Studies have observed a high
degree of interhemispheric correlation in various cortical and
subcortical regions (Biswal et al., 1995; Lowe et al., 1998; Cordes
et al., 2000; Margulies et al., 2007). Salvador and colleagues
(2005) in particular noted that correlated activity between homo-
topic regions is a relatively ubiquitous phenomenon observable
across brain regions, although they did not directly examine re-
gional variation in interhemispheric correlation. Other resting-
state studies offer insights into regional variation. For example, of
10 functional networks identified by Damoiseaux and colleagues
(2006), only two, both encompassing dorsolateral prefrontal and
parietal regions, were lateralized. As these higher-order associa-
tion areas are thought to subserve functionally lateralized cogni-
tive processes, the authors speculated that their results reflect this
hemispheric specialization.
Here, we examine interregional correlations in spontaneous
brain activity, specifically addressing regional variation in the
degree of correlated activity between homotopic regions. We hy-
pothesized a high overall degree of correlated activity between
homotopic regions, with greater interhemispheric correlation in
primary sensory-motor cortices relative to prefrontal and tem-
poroparietal heteromodal association areas.
Materials and Methods
Subjects. Subjects included 62 right-handed volunteers (33 males, 29 fe-
males, ages 19–49 years, mean age 29.2  7.9 years) with no history of
psychiatric or neurological illness as confirmed by psychiatric clinical
assessment. Informed consent was obtained before participation. Data
collection was carried out according to protocols approved by the insti-
tutional review boards of New York University (NYU) and the NYU
School of Medicine, with Doctor F. Xavier Castellanos as principal inves-
tigator and Doctors Milham, Stark, and colleagues as coinvestigators.
Data acquisition. A Siemens Allegra 3.0 Tesla scanner equipped for
echo planar imaging (EPI) was used for data acquisition. Each subject
underwent a resting-state scan consisting of 197 contiguous EPI whole-
brain functional volumes, resulting in a 6 min 38 s scan [repetition time
(TR)  2000 ms; echo time (TE)  25 ms; flip angle  90°, 39 slices,
matrix  64  64; field of view (FOV)  192 mm; acquisition voxel
size 3 3 3 mm]. Subjects were asked to relax and remain still with
their eyes open. For spatial normalization and localization, a high-
resolution T1-weighted magnetization prepared gradient echo sequence
was also obtained (TR  2500 ms; TE  4.35 ms; TI  900 ms; flip
angle 8°, 176 slices; FOV 256mm). The complete set of scans used in
the present study was obtained over the course of 1 year. Subsets of
these data have been used in previous publications (Margulies et al.,
2007; Castellanos et al., 2008; Di Martino et al., 2008; Kelly et al., 2008a,b;
Uddin et al., 2008a).
Preprocessing. Consistent with prior work in our lab (Margulies et al.,
2007; Castellanos et al., 2008; Di Martino et al., 2008), data processing
was carried out using both Analysis of Functional NeuroImaging (AFNI)
(http://afni.nimh.nih.gov/afni/) and fMRIb Software Library (FSL)
(http://www.fmrib.ox.ac.uk/fsl/). Image preprocessing using AFNI con-
sisted of (1) slice time correction for interleaved acquisitions using Fou-
rier interpolation, (2) three-dimensional (3D) motion correction via 3D
volume registration using least-squares alignment of three translational
and three rotational parameters, and (3) despiking of extreme time series
outliers using a hyperbolic tangent function. Preprocessing using FSL
consisted of (4) mean-based intensity normalization of all volumes by
the same factor, (5) temporal high-pass filtering via Gaussian weighted
least-squares straight line fitting with  100.0 s, (6) temporal lowpass
filtering via Gaussian filter with half width at half maximum 2.8 s, and
(7) correction for time series autocorrelation (prewhitening). The use of
bandpass filtering to isolate the 0.005 to 0.1 Hz frequency interval was
motivated by previous studies of low-frequency fluctuations, as well as
our own experience, demonstrating relevant signal fluctuations over this
frequency range (Fransson, 2005). The data were not spatially smoothed
as this is effectively achieved via averaging across all voxels within each
region (see below, Time series extraction) as well as to minimize artifac-
tual interhemispheric correlation because of smoothing across the me-
dial wall. Functional data were then transformed into MNI (Montreal
Neurological Institute) space using a 12 degree of freedom (df) linear
affine transformation implemented in FLIRT (fMRIb’s Linear Image
Registration Tool) (voxel size, 2  2  2 mm), to enable time series
extraction using standard anatomical masks.
Time series extraction. Parcellation of functional data were carried out
using theHarvard–Oxford Structural Atlas, a validated probabilistic atlas
implemented in FSL that divides each hemisphere into regions corre-
sponding to portions of cortical gyri and subcortical gray matter nuclei
(Kennedy et al., 1998; Makris et al., 1999). Masks were generated for 112
regions (56 in each hemisphere), covering the entire cerebrum (Fig. 1).
To minimize effects because of interindividual anatomic variability,
atlas-derived values corresponding to each voxel’s probability of inclu-
sion in a given region were used to weight each voxel’s time series within
that region. In each subject,mean time serieswere then extracted for each
region by averaging across all voxels’ probability-weighted time series
within each region.
To minimize the effects of physiological processes such as cardiac and
respiratory fluctuations, time series were also extracted from nine nui-
sance signals [global signal, white matter (WM), CSF, and six motion
parameters]. To extract the nuisance covariate time series for WM and
CSF, we first segmented each individual’s high-resolution structural im-
age, using FAST (fMRIb’s Automated Segmentation Tool). The resulting
segmented WM and CSF images were then thresholded to ensure 80%
tissue type probability. These thresholded masks were then applied to
each individual’s time series, and a mean time series was calculated by
averaging across all voxels within the mask. The global signal regressor
was generated by averaging across all voxels within the brain.
Each subject’s 112 regional time series were orthogonalized with re-
spect to nuisance covariates (using the Gram–Schmidt process). This
analysis generated 112 time series representing every cortical and subcor-
tical region for all 62 subjects.
Correlation analyses. All further analyses were carried out using R sta-
tistical analysis software (version 2.6.1, http://www.r-project.org/) and
SAS software (version 9.1, SAS System for Microsoft Windows). For each
subject, we calculated the correlation between every pairing of orthogo-
nalized time series from the set of 112 brain regions.
Homotopic versus nonhomotopic correlations. The spatial interrelation-
ship of a given pairing of brain regions can be classified according to one
of three broad categories. Homotopic regions indicate corresponding
anatomical areas in opposite hemispheres, heterotopic regions indicate
different anatomical areas in opposite hemispheres, and intrahemi-
spheric regions indicate different anatomical areas in the same hemi-
sphere. To first test whether a significant difference existed between ho-
motopic versus nonhomotopic (heterotopic and intrahemispheric)
interregional correlations, we used a linear mixed effects model, imple-
mented using the R package nlme (Pinheiro et al., 2006), to regress all
z-transformed correlations on three indicator variables: (1) homotopic,
(2) heterotopic, and (3) intrahemispheric. Age and gender were entered
as covariates and a random subject effect was included to account for
within-subject correlation.
Systematic regional variation in homotopic interhemispheric correlation.
The primary focus of the present study was to examine regional variation
in correlated activity between homotopic regions. To characterize this
variation, we rank-ordered all 56 homotopic correlation coefficients in
each subject. We tested whether the within-subject rankings of homo-
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topic correlations differed systematically by implementing the Friedman
 2 test.
We also rank-ordered each homotopic correlation coefficient’s me-
dian ranking across subjects, resulting in the sorting of homotopic cor-
relation coefficients from 1 (the region exhibiting the highest median
ranked interhemispheric correlation) to 56 (the region exhibiting the
lowest median ranked interhemispheric correlation).
Analysis of regional variation related to hierarchical subdivisions. To
statistically test our hypothesis that regions involved in higher-order
processing exhibit lower levels of correlated activity across hemispheres,
we labeled regions according to their functional classification as primary
sensory-motor, unimodal association, or heteromodal association areas,
as described by Mesulam (2000). These hierarchical subdivisions are
broadly derived from anatomical, electrophysiological, behavioral, le-
sion, and functional imaging studies in nonhuman primates and in hu-
mans. Primary sensory-motor cortices include postcentral gyrus (so-
matosensory), intracalcarine cortex and occipital pole (visual), Heschl’s
gyrus (auditory), and precentral gyrus (motor). Unimodal association
areas are those regions adjacent to primary sensory-motor cortices in-
volved in integration of information from predominantly one sensory or
motor modality. Heteromodal association areas, located primarily in
prefrontal and temporoparietal cortices, integrate information from
multiple sensory and motor modalities (see Fig. 4A and supplemental
Table 1 for a complete listing of each region’s functional classification,
available at www.jneurosci.org as supplemental material).
We used a linear mixed effects model, implemented in SAS, to regress
the entire set of z-transformed homotopic correlations on indicator vari-
ables defining primary sensory-motor, unimodal association, and het-
eromodal association areas. Three planned contrasts were carried out,
comparing homotopic correlation strengths in primary, unimodal, and
heteromodal areas. Age and gender were again entered as covariates and
a random subject effect was included to account for within-subject
correlation.
Additional mixed effects analyses were carried out in which
z-transformed homotopic correlations for primary versus unimodal as-
sociation areaswere separately contrastedwithin each sensory andmotor
modality.
Results
Homotopic versus nonhomotopic correlations
Consistent with previous resting-state studies (Salvador et al.,
2005), correlations between homotopic regions (mean r 0.62,
SD  0.23) were significantly higher than correlations between
heterotopic regions (mean r  0.01, SD  0.27; t  159 with
385328 df, p  0.0001) and between intrahemispheric regions
(mean r 0.021, SD 0.28; t 152 with 385328 df, p 0.0001)
(Fig. 2) (see also supplemental Materials and Methods for further
discussion of large reported df, available at www.jneurosci.org as
supplemental material).
Systematic regional variation in homotopic
interhemispheric correlation
Despite the high degree of synchronous activity noted between all
homotopic regions, substantial regional variation in interhemi-
spheric correlation was observed, with mean correlation coeffi-
cients ranging from 0.33–0.88 (Fig. 3). The Friedman 2 test
strongly confirmed the existence of a systematic pattern of vari-
ation among homotopic correlations (2 2057 with 55 df, p
0.0001).
Analysis of regional variation related to
hierarchical subdivisions
The presence of a notable pattern of regional variation in inter-
hemispheric correlation was confirmed by mixed effects analyses
modeling the z-transformed interhemispheric correlations be-
Figure 1. Regional masks. A total of 112 regional masks (56 in each hemisphere) comprising the entire cerebrum were generated from the Harvard–Oxford Structural Atlas, a validated
probabilistic atlas that divides each hemisphere into regions corresponding to portions of cortical gyri and subcortical gray matter nuclei. Atlas-derived values corresponding to each voxel’s
probability of inclusion in a given region were used to derive probability-weighted time series for all 112 regions (see Materials and Methods for details). For visualization, all three-dimensional
reconstructions are thresholded to include voxels with25%probability of inclusion in a given region. Occluded perisylvian regions are depicted in cut-away views. The lower bank is viewed from
a top-down perspective; the upper bank is viewed from a bottom-up perspective.
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tween all 56 homotopic regions as a function of hierarchical sub-
division. The mean interhemispheric correlations for primary
sensory-motor, unimodal association, and heteromodal associa-
tion areas were estimated and compared based on this model.
Primary sensory-motor cortices demonstrated a significantly
higher degree of interhemispheric correlation than either unimo-
dal association areas (t  13.10 with 3405 df, p  0.0001) or
heteromodal association areas (t  17.85 with 3405 df, p 
0.0001). Moreover, unimodal association areas showed signifi-
cantly higher interhemispheric correlations than heteromodal
association areas (t 8.39 with 3405 df, p 0.0001) (Figs. 4B, 5).
There were no significant age (t  0.05 with 59 df, p  0.96) or
gender (t  0.95 with 59 df, p  0.35) effects. These highly sig-
nificant regional distinctions demonstrate the existence of a wide
spectrum of interhemispheric correlation in low-frequency
spontaneous hemodynamic fluctuations, and point to the segre-
gation of primary sensory-motor cortices and heteromodal asso-
ciation areas to opposite extremes of this spectrum, with unimo-
dal association areas lying between.
Below, we describe in detail the regional variations we ob-
served in correlated spontaneous activity across hemispheres. As
anatomical terminology is often variably applied, we make an
attempt to explicitly define regions both in terms of their neuro-
anatomical designations aswell as their corresponding functional
designations. For each group of regions discussed, we report both
the range of mean homotopic interhemispheric correlation coef-
ficients (averaged across subjects), as well as each region’s rank
(in which a rank of 1 indicates the region with the highest median
ranked interhemispheric correlation and a rank of 56 indicates
the region with the lowest median ranked interhemispheric cor-
relation) (Figs. 3, 4B) (see also supplemental Table 1 for all val-
ues, available at www.jneurosci.org as supplemental material).
Sensory regions
Primary sensory cortices exhibited a high degree of correlated
activity across hemispheres, with decreased interhemispheric
correlations in unimodal association areas (Fig. 5D).
In the somatosensory system, primary somatosensory cortex
(postcentral gyrus) demonstrated the highest degree of inter-
hemispheric correlated activity (mean r 0.825, rank 6). Uni-
modal somatosensory association areas (central opercular cortex,
superior parietal lobule, parietal opercular cortex, supramarginal
gyrus, anterior division) exhibited significantly lower interhemi-
spheric correlations (mean r range 0.656–0.708, rank 16, 20,
24, and 27, respectively; t 10.22 with 247 df, p 0.0001).
Likewise, in the visual system, primary visual cortex (occipital
pole and intracalcarine cortex) as well as visual areas flanking the
calcarine sulcus (lingual gyrus, supracalcarine cortex, cuneal cor-
tex) demonstrated a high degree of interhemispheric correlation
(mean r range 0.791–0.859, rank 11, 12, 2, 2, 6, respectively).
Compared with primary visual cortex, surrounding unimodal
visual association areas encompassing the inferolateral surface of
the occipital and temporal lobes (occipital fusiform gyrus, lateral
occipital cortex inferior division, temporal occipital fusiform
cortex, lateral occipital cortex superior division, temporal fusi-
form cortex posterior division, inferior temporal gyrus tempo-
rooccipital part, inferior temporal gyrus anterior division, tem-
poral fusiform cortex anterior division, inferior temporal gyrus
posterior division) exhibited significantly lower degrees of inter-
hemispheric correlation (mean r range  0.330–0.696, rank 
18, 26, 29, 32, 42, 48, 54, 55, 56, respectively; t 9.46 with 805 df,
p 0.0001).
In the auditory system, primary auditory cortex (Heschl’s gy-
rus) exhibited a moderately high degree of interhemispheric cor-
relation (mean r  0.621, rank  27). Surrounding unimodal
auditory association areas (planum temporale, planum polare,
superior temporal gyrus posterior and anterior divisions) exhib-
ited lower degrees of interhemispheric correlation (mean r
range 0.385–0.675, rank 23, 33, 34, 49, respectively; t 2.49
with 247 df, p  0.014), although the planum temporale, an
auditory association area located immediately posterior to pri-
mary auditory cortex, demonstrated slightly higher interhemi-
spheric correlation (mean r 0.675, rank 23; t 2.24 with 61
df, p 0.029).
Motor regions
Interhemispheric correlations for motor regions reflected the
trend observed in sensory regions (Fig. 5D). Specifically, we
found that primary motor cortex (precentral gyrus) exhibited a
high degree of correlated spontaneous activity across hemi-
spheres (mean r  0.736, rank  14), whereas unimodal motor
association areas (supplementary motor cortex, frontal opercu-
lum cortex) demonstrated significantly lower interhemispheric
correlations (mean r 0.720, 0.391, rank 18, 51, respectively;
t 5.73 with 123 df, p 0.0001).
Heteromodal association areas
Heteromodal association areas generally demonstrated relatively
low degrees of correlated spontaneous activity across hemi-
spheres compared with other regions. Prefrontal association re-
gions (inferior frontal gyrus pars opercularis and pars triangu-
laris, frontal pole, middle frontal gyrus, superior frontal gyrus)
uniformly demonstrated a low degree of correlated spontaneous
activity across hemispheres (mean r range  0.383–0.520,
rank  49, 47, 44, 40, 38, respectively). Similarly, temporopari-
etal association regions (middle temporal gyrus temporooccipital
part, angular gyrus, supramarginal gyrus posterior division, mid-
dle temporal gyrus anterior and posterior divisions) exhibited
relatively low interhemispheric correlations (mean r range 
0.368–0.578, rank  52, 46, 40, 39, 36, respectively). Notably,
paracingulate gyrus and precuneus cortex, both heteromodal as-
sociation areas lying within the medial wall, exhibited higher de-
grees of interhemispheric correlation than all other heteromodal
areas. Generally speaking, the majority of prefrontal and tem-
poroparietal heteromodal association areas exhibited substan-
tially lower interhemispheric correlations compared with other
Figure 2. Homotopic versus nonhomotopic correlations. Correlations between homotopic
regions were significantly higher than correlations between heterotopic regions and between
intrahemispheric regions. Data points are shown for each region, averaged across subjects.
Black lines indicate mean with SEM.
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homotopic regions, particularly the primary sensory and motor
areas reported above.
Analysis of potential confounds
The use of anatomically defined masks introduced several poten-
tial confounds to our analyses. To determine the extent to which
volumetric differences in the masks used may have influenced
our results, we performed several additional analyses. We first
calculated the left and right volumes for all 56 pairs of homotopic
regional masks. For each pair, we found no relationship between
total volume (left	 right) and interhemispheric correlation (r
0.122, p 0.369) (Fig. 6A). Furthermore, we found no relation-
ship between volumetric asymmetry index [ (left – right)/(left	
right) ] and interhemispheric correlation (r 0.163, p 0.232).
Noting that prior studies have demonstrated higher correla-
tions between regions that are closer together and visa versa (Sal-
vador et al., 2005), we sought to determine whether this effect of
distance might have confounded our results. For each pair of
homotopic regions, we calculated the Euclidean distance between
left and right centroids (centers of mass). We then constructed a
regression model with Euclidean distance and hierarchical sub-
division as independent variables and interhemispheric correla-
tion as the dependent variable. As expected, shorter Euclidean
distance significantly correlated with higher degree of interhemi-
spheric correlation (coefficient  0.003, t  0.558, p 
0.001) (Fig. 6B). However this distance effect was independent of
a higher-magnitude relationship between hierarchical subdivi-
sion and interhemispheric correlation (coefficient0.089, t
0.347, p 0.007). Thus, the relationship between hierarchical
subdivision and interhemispheric correlation described above
and discussed in detail below cannot be attributed to an effect of
interregional distance.
Figure 3. Homotopic interhemispheric correlations. A, B, Tukey box-and-whiskers plots showing the distribution of (A) interhemispheric correlations and (B) ranked interhemispheric correla-
tions for all 56 homotopic regions across subjects (vertical line, median; box, interquartile range; whiskers, 1.5 times the interquartile range; closed circles, individual values lying outside 1.5 times
the interquartile range).
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Figure 4. Homotopic interhemispheric correlations.A, Regionalmasks are labeled according to their functional classification, as described byMesulam (2000). These classificationswere used to
model interhemispheric correlation as a function of hierarchical subdivision.B, Mean interhemispheric correlation strengths indicated for all cortical regions. Primary sensory-motor cortices exhibit
significantly stronger correlations than unimodal association areas, which exhibit significantly stronger correlations than heteromodal association areas.
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To minimize effects because of interin-
dividual anatomical variability, regional
time series were weighted according to
each voxel’s probability of inclusion in a
given region. To test the extent to which
this probability-weighting influenced our
results, we also conducted two sets of ad-
ditional analyses without probability-
weighting, using regional masks thresh-
olded to include only voxels with a50%
and 25% probability of inclusion, with all
included voxels given equal weighting.
Even without probability-weighting, 50%
thresholding yielded a nearly identical gra-
dient of decreasing interhemispheric cor-
relation from primary, to unimodal, to
heteromodal association areas (primary
versus heteromodal, t  12.46 with 3281
df, p  0.0001; primary versus unimodal,
t 9.89 with 3281 df, p 0.0001; unimo-
dal versus heteromodal, t 4.62with 3281
df, p  0.0001). Analyses using less strin-
gent thresholding of 25% still yielded
highly similar results (primary versus het-
eromodal, t  23.36 with 3405 df, p 
0.0001; primary versus unimodal, t 
14.99 with 3405 df, p 0.0001; unimodal
versus heteromodal, t  13.95 with 3405
df, p  0.0001). Thus, probability-
weighting did not appear to systematically
affect our results.
Finally, in recognition of the fact that
higher-order regions are anatomically less
well-defined and tend to exhibit greater
interindividual variability, we repeated
our analyses, replacing the regional masks
with spherical regions of interest (radius
4 mm) placed at the centroid of each re-
gional mask. This approach minimizes
interregional differences in accuracy of
anatomical labeling and eliminates volu-
metric differences. Despite this more re-
strictive method of data sampling, the
relationship between hierarchical subdivi-
sion and interhemispheric correlation was
preserved (primary versus heteromodal,
t 6.48 with 3405 df, p 0.0001; primary
versus unimodal, t  5.25 with 3405 df,
p 0.0001; unimodal versus heteromodal,
t 2.38 with 3405 df, p 0.017) (supple-
mental Fig. 1, available atwww.jneurosci.org
as supplemental material).
Discussion
Consistent with previous studies, we
found that spontaneous brain activity is
highly correlated between homotopic re-
gions in opposite hemispheres (Salvador et al., 2005). We further
demonstrate substantial regional variation in degree of inter-
hemispheric correlation, with a gradient of highest correlations
across primary sensory-motor cortices and lower correlations
across prefrontal and temporoparietal heteromodal association
areas. These results echo neuroanatomical findings and likely
reflect the distributed hierarchical nature of processing in the
brain.
Until recently, studies of interhemispheric coherence have fo-
cused on higher frequency (1–80 Hz) electrical activity. Demon-
stration of interhemispheric correlation in low-frequency (0.1
Hz) spontaneous hemodynamic fluctuations here and in previ-
Figure 5. Interhemispheric correlation as a function of hierarchical subdivision. Scatterplots of interhemispheric correlation,
organized by hierarchical subdivision and plotted to demonstrate: A, all data points (each data point represents homotopic
interhemispheric correlation for one region in one subject);B, subject distribution (each data point represents one subject’smean
interhemispheric correlation averaged across primary, unimodal, or heteromodal regions, respectively); andC, regiondistribution
(each data point represents one region’smean interhemispheric correlation averaged across all subjects). Primary sensory-motor
cortices demonstrated a significantly higher degree of interhemispheric correlation than either unimodal association areas or
heteromodal association areas. Unimodal association areas showed significantly higher interhemispheric correlations than het-
eromodal associationareas.D,Withineach sensory-motormodality, primary cortices exhibitedahighdegreeof correlatedactivity
across hemispheres, with decreased interhemispheric correlations in unimodal association areas. This decrease was significant in
somatosensory, visual, and motor modalities but did not reach significance in the auditory system when corrected for multiple
comparisons.
Figure 6. Interhemispheric correlation as a function of regional volume and interregional distance. A, No relationship was
observed between a region’s total volume (left plus right) and interhemispheric correlation. B, Consistent with previous studies,
thedistancebetween left and right homotopic regionswas inversely related to interhemispheric correlation. This relationshipwas
independent of the relationship observed between hierarchical subdivision and interhemispheric correlation.
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ous resting-state fMRI studies raises the question of whether the
two types of phenomena are related, as well as their potential
functional significance. Low-frequency correlated activity may
provide an energy-efficient means of maintaining synaptic con-
nections that comprise long-range functional networks (Pinsk
and Kastner, 2007). Such activity may reflect development and
experience, as it is refined through childhood and adolescence
(Fair et al., 2007). In contrast, high-frequency correlated activity
is thought to reflect moment-to-moment processing demands
such as perceptual integration and motor coordination (Schnit-
zler et al., 2000; Mima et al., 2001).
Whereas these two frequency ranges of synchronous activity
reflect widely different temporal scales, their possible interaction
is increasingly being entertained. For example, trial-to-trial vari-
ability in behavioral and cognitive performance has been linked
to variations in spontaneous low-frequency activity (Fox et al.,
2007; Kelly et al., 2008b). Furthermore, work combining fMRI
and EEG has related hemodynamic fluctuations in resting-state
networks to power variations in , , , , and  rhythms (Man-
tini et al., 2007). Amplitude fluctuations of interhemispherically
coherent high-frequency activity have been demonstrated at
much slower time scales ranging from seconds to minutes
(Linkenkaer-Hansen et al., 2001; Nikouline et al., 2001) and such
variations correlate well with hemodynamic fluctuations (Logo-
thetis et al., 2001; Leopold et al., 2003; Niessing et al., 2005;
Shmuel and Leopold, 2008). Thus we propose, as have others,
that low-frequency and higher frequency phenomena are inter-
related (Buzsaki and Draguhn, 2004).
The use of resting-state fMRI allowedus to appreciate regional
differences in interhemispheric correlation as hypothesized. We
speculate that the high degree of synchrony observed across pri-
mary cortices reflects networks engaged in interhemispheric relay
of information essential for bilateral sensory integration and mo-
tor coordination. For example, synchronous gamma-band activ-
ity in visual cortex is thought to allow temporal binding of dis-
tributed visual features into a coherent percept (Gray et al., 1989;
Engel et al., 1991; Singer, 1999). Similarly, the motor system ap-
pears to maintain a default state of interhemispheric coupling
important for bilateral motor coordination (Schnitzler et al.,
2000; Cardoso de Oliveira et al., 2001; Gerloff and Andres, 2002).
In contrast, heteromodal association areas displayed a lower
degree of interhemispheric coordination, presumably reflecting
the predisposition of higher-order homotopic regions to operate
more independently. Lesion, neuropsychological, and neuroim-
aging studies demonstrate that association areas exhibit substan-
tial functional lateralization for certain cognitive domains (Toga
and Thompson, 2003). Language production and comprehen-
sion (Frost et al., 1999; Price, 2000) and spatial attention (Shep-
ard and Metzler, 1971; Ditunno and Mann, 1990) are predomi-
nantly lateralized to left and right hemispheres, respectively.
Of note, studies comparing correlated brain activity at rest
and during task performance demonstrate that interregional co-
ordination may shift according to task demands (Hampson et al.,
2006). The lower degree of interhemispheric coordination ob-
served within higher-order regions may increase under condi-
tions of greater computational complexity (Belger and Banich,
1992). Similarly, dynamic uncoupling of bilateral primary motor
regions via local inhibitory connections may allow performance
of more complex unilateral tasks (Cardoso de Oliveira et al.,
2001; Rokni et al., 2003; Wahl et al., 2007).
The high overall degree of interhemispheric synchrony we
observed is consistent with a large body of neuroanatomical and
functional evidence (Pandya et al., 1971; Innocenti, 1986; Duffy
et al., 1996; Toro et al., 2008). Moreover, the importance of an
intact corpus callosum is suggested by studies in which inter-
hemispheric synchrony, measured variably by microelectrode re-
cording, EEG, or resting-state fMRI, is abolished or decreased
with perturbations of callosal integrity including agenesis, tran-
section, or demyelinating disease (Montplaisir et al., 1990; Engel
et al., 1991; Quigley et al., 2003; Lowe et al., 2008).
In considering possible neuroanatomical foundations of re-
gional variation in interhemispheric synchrony, we note that os-
cillatory synchronization of distributed neuronal assemblies may
be impacted by microstructural determinants of conduction ve-
locity, such as fiber diameter (Innocenti et al., 1995; Schuz and
Preissl, 1996; Aboitiz et al., 2003; Buzsaki and Draguhn, 2004;
Uhlhaas and Singer, 2006). Meticulous work by LaMantia and
Rakic (1990b) in monkeys, and Aboitiz and colleagues (1992) in
humans has demonstrated that primary sensory-motor and het-
eromodal association areas differ in the diameters of their inter-
hemispheric callosal projections. Primary sensory-motor cortices
are interconnected via a subset of thickly myelinated, fast-
conducting fibers, whereas heteromodal association areas are in-
terconnected via thinly myelinated, slow-conducting fibers. The
degree to which regional differences in interhemispheric correla-
tion may depend on variation in fiber diameters and conduction
velocities will be addressed in future studies.
Still, we note that ours and previous studies demonstrate a
high degree of interhemispheric correlation across primary visual
cortex, a region with limited callosal projections (Tootell et al.,
1998; Vincent et al., 2007). Indeed, persistence of residual inter-
hemispheric correlation in some split-brain patients (Corsi-
Cabrera et al., 1995; Uddin et al., 2008b) and conversely, de-
creased interhemispheric correlation in a patient with an
ischemic brainstem lesion (Salvador et al., 2005) suggest that
subcortical pathways may also contribute to interhemispheric
coordination of spontaneous activity. Top-down pathways may
facilitate synchronization as well; primary visual cortex in partic-
ular exhibits reentrant feedback from higher-order visual areas
(Lamme and Roelfsema, 2000; Ban et al., 2006). Thus, whereas
direct callosal connections are likely the predominant driving
force behind homotopic interhemispheric correlations, subcor-
tical and polysynaptic feedback and feedforward mechanisms
may also contribute.
Impaired interhemispheric coordination may underlie a vari-
ety of disorders including schizophrenia (Spencer et al., 2003;
Liang et al., 2006), Alzheimer’s disease (Lakmache et al., 1998;
Pogarell et al., 2005), multiple sclerosis (Cover et al., 2006; Lowe
et al., 2008) attention-deficit/hyperactivity disorder (Clarke et al.,
2008), and acute spatial neglect after stroke (He et al., 2007). Our
methods may be useful in future study of these diverse disease
processes. Additionally, anatomical and functional interhemi-
spheric connectivity appears to undergo lifelong changes, espe-
cially during early development and in normal aging (LaMantia
and Rakic, 1990a; Cabeza, 2002; Fair et al., 2007). Examination of
developmental changes in interhemispheric coordination may
prove informative, particularly as region-specific changes have
been noted (Bartzokis et al., 2004; Sullivan et al., 2006).
Whereas regional variation in interhemispheric correlation
closely paralleled presumptive differences in functional lateral-
ization, several deviations from this pattern merit discussion.
First, primary auditory cortex (Heschl’s gyrus) exhibited a lower,
albeit still high, degree of interhemispheric correlation relative to
other primary sensory-motor cortices, and demonstrated slightly
lower correlation than planum temporale, an abutting perisyl-
vian auditory association area. Delineation of these small and
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highly variable perisylvian regions has proven problematic in
previous studies, and this difficulty may have been reflected in
our results (Westbury et al., 1999; Zetzsche et al., 2001). Second,
precuneus and paracingulate gyrus, both heteromodal associa-
tion areas, demonstrated high interhemispheric correlations,
most likely because of the close proximity of these medial wall
structures to their homotopic counterparts. Post hoc analysis
demonstrated a secondary independent relationship between
proximity and correlation strength (seeAnalysis of potential con-
founds in the Results section). Still, the presence of decreasing
interhemispheric correlations along the anterior medial wall,
mirroring known dorsal-ventral distinctions (Bush et al., 2000),
suggests that results obtained from medial wall structures are
valid. Whereas the present study discerned a broad pattern of
varying interhemispheric coordination, future work could bene-
fit from using more localized and individual-specific methods of
anatomic parcellation (Cohen et al., 2008).
Several additional limitations merit attention. We consid-
ered whether volumetric differences in regional masks, prob-
ability weighting, and method of anatomic parcellation may
have influenced our results (see Analysis of potential con-
founds in the Results section). However, we found no effect of
these factors on our pattern of results. We also considered
whether the low degree of frontal pole interhemispheric cor-
relation, whereas consistent with its implication in function-
ally lateralized higher-order processing, may be attributable to
susceptibility artifact. Nevertheless, other structures in the vi-
cinity of frontal air-filled sinuses, including frontal medial
cortex and subcallosal cortex, exhibited higher degrees of in-
terhemispheric correlation, suggesting that susceptibility arti-
fact did not impose a systematic effect on our results. Finally,
it might be argued that bilateral sensory inputs during scan-
ning might drive high interhemispheric correlation in primary
sensory areas. However, correlated fluctuations persist across
a variety of conditions including sleep and anesthesia (Fox et
al., 2006; Fox and Raichle, 2007; Vincent et al., 2007).
In summary, we report a pattern of regional variation in
low-frequency temporally correlated brain activity across
hemispheres, suggesting that interhemispheric coordination
may differ across regions. Despite robust homotopic inter-
hemispheric correlation across all regions, lower interhemi-
spheric correlation was demonstrated in higher-order hetero-
modal association areas compared with primary sensory-
motor cortices, potentially reflective of regional functional
lateralization within the brain. Future work could benefit
from addressing this pattern in the context of developmental
changes, different clinical populations, and as it relates to re-
gional variation in white matter structure.
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Cingulate-Precuneus Interactions: A New Locus
of Dysfunction in Adult Attention-Deficit/
Hyperactivity Disorder
F. Xavier Castellanos, Daniel S. Margulies, Clare Kelly, Lucina Q. Uddin, Manely Ghaffari, Andrew Kirsch,
David Shaw, Zarrar Shehzad, Adriana Di Martino, Bharat Biswal,
Edmund J. S. Sonuga-Barke, John Rotrosen, Lenard A. Adler, and Michael P. Milham
Background: Pathophysiologic models of attention-deficit/hyperactivity disorder (ADHD) have focused on frontal-striatal circuitry with
alternative hypotheses relatively unexplored. On the basis of evidence that negative interactions between frontal foci involved in cognitive
control and the non-goal-directed “default-mode” network prevent attentional lapses, we hypothesized abnormalities in functional
connectivity of these circuits in ADHD.
Methods: Resting-state blood oxygen level–dependent functionalmagnetic resonance imaging (fMRI) scanswere obtained at 3.0-Tesla in
20 adults with ADHD and 20 age- and sex-matched healthy volunteers.
Results: Examination of healthy control subjects verified presence of an antiphasic or negative relationship between activity in dorsal
anterior cingulate cortex (centeredat x8, y7, z38) and indefault-modenetwork components.Groupanalyses revealedADHD-related
compromises in this relationship, with decreases in the functional connectivity between the anterior cingulate and precuneus/posterior
cingulate cortex regions (p .0004, corrected). Secondary analyses revealed anextensivepatternofADHD-relateddecreases in connectivity
betweenprecuneus andother default-modenetwork components, including ventromedial prefrontal cortex (p31011, corrected) and
portions of posterior cingulate (p .02, corrected).
Conclusions: Together with prior unbiased anatomic evidence of posterior volumetric abnormalities, our findings suggest that the
long-range connections linking dorsal anterior cingulate to posterior cingulate and precuneus should be considered as a candidate locus of
dysfunction in ADHD.
Key Words: ADHD, anterior cingulate cortex, default-mode net-
work, functional magnetic resonance imaging, precuneus, poste-
rior cingulate cortex
Pathophysiologic models of attention-deficit/hyperactivitydisorder (ADHD) have focused on prefrontal-striatal andmesolimbic circuits (1) on the basis of findings of execu-
tive and motivational dysfunction (2,3). However, as pointed out
in a recent quantitative meta-analysis of functional imaging
studies of ADHD (4), the focus on executive dysfunction and
the frontal lobes has left alternative hypotheses unexplored.
Additionally, standard task-based functional imaging studies
depend on the precise specification of underlying neuropsy-
chological deficits. Although the hypothesis that ADHD re-
sults from a primary inhibitory deficit was proposed a decade
ago (5), the accumulated evidence has been equivocal at
best (1).
A complementary approach is to examine the neural sub-
strates of ADHD-relevant behaviors, such as attentional lapses
(6,7), and assess whether the underlying circuits are implicated in
ADHD through analysis of the temporal correlations among
distributed brain regions. This method of functional connectivity
(8), first applied to mapping the motor cortical system (9),
provides remarkably detailed spatial maps of putatively function-
ally related regions (10).
Momentary lapses in attention have been associated with
failure to suppress activity in the default-mode network (11). First
identified by Raichle et al. (12), the default-mode network is a
large and robustly replicable network (13–15) that comprises
ventral medial prefrontal cortex (VMPFC) and posterior cingulate
cortex (PCC) and precuneus in the midline and that has been
linked to non-goal-directed processes (16). By definition, de-
fault-mode network activity can be detected during resting state
scans, and abnormalities in this network have been reported in
ADHD (17,18), Alzheimer’s disease (19,20), autism (21), schizo-
phrenia (22), and depression (23).
The starting point for this study was the finding that decreased
cue-related activation in three prefrontal regions predicted
slower response times and decreased default-mode network
suppression in healthy adult volunteers (11), suggesting potential
control loci for default-mode regulation. We hypothesized that
these fronto-default mode interactions may represent loci of
dysfunction in ADHD. Given reports that fronto-default-mode
interactions are intrinsically represented in spontaneous activity
at rest (14,24), we tested for the presence of ADHD-related
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differences in functional connectivity between each of the three
previously identified frontal foci (dorsal anterior cingulate cortex
[dACC]; right inferior frontal gyrus [rIFG]; right middle frontal
gyrus [rMFG]) and the default-mode network.
Methods and Materials
Participants
Twenty adult participants with ADHD were recruited from the
New York University (NYU) School of Medicine Adult ADHD
Program (directed by author LA). Twenty age-matched compar-
isons were recruited through local media advertisements. All
prospective participants were screened with the Symptom
Checklist-90-Revised (SCL-90-R) to exclude a broad range of
psychiatric psychopathology (25). Exclusion criteria for both
groups included the following:1) lifetime history of psychotic,
bipolar, or substance use disorders; 2) current history of mood,
psychotic, anxiety, or substance use disorders; 3) lifetime history
of treatment with psychotropics other than stimulants (for ADHD
group only); or 4) history of neurological or chronic medical
illness. All participants were evaluated with the Adult ADHD
Clinical Diagnostic Scale (ACDS) Version1.2 (26), a semistruc-
tured interview that probes for the presence, severity, and
impairment associated with ADHD symptoms in childhood and
adulthood and which has been validated with informant-only
reports (27). All participants with ADHD met lifetime criteria for
Combined Type ADHD; they were also administered the Struc-
tured Clinical Interview for DSM-IV (SCID) to rule out other Axis
I comorbid diagnoses. Best estimate diagnoses for probands
were established by LA. A psychiatrist (AK or MG) administered
a semistructured clinical interview to healthy comparison sub-
jects to rule out all Axis I psychiatric disorders, including
presence of ADHD or learning disorders in childhood or adult-
hood. Educational attainment (level attained, e.g., high school
graduate  12; college graduate  16) and strong right-handed-
ness were obtained from self-report. Demographic characteristics
are shown in Table 1. All participants reported graduating from
high school and attending at least 1 year of college. Nine patients
were currently being treated with stimulants, which were discon-
tinued for at least 1 day before scanning. All participants
provided signed informed consent as approved by the institu-
tional review boards of NYU and the NYU School of Medicine.
Participants were compensated.
Scanning
Each participant underwent one resting state scan consisting
of 197 contiguous whole-brain functional volumes using echo
planar imaging on a Siemens 3.0-Tesla Allegra (repetition time 
2000 msec; echo time  25 msec; flip angle  90, 39 slices,
matrix 64 64; field of view 192 mm; acquisition voxel size
3  3  3 mm; 6.5 min). Participants were verbally instructed to
relax and remain still with eyes open while the word “Relax” was
centrally displayed. A high-resolution T1-weighted magnetiza-
tion prepared gradient echo sequence was also obtained.
Preprocessing
Initial image preprocessing, including motion correction, de-
spiking, and slice time correction, was done using AFNI software
(http://www.afni.nimh.nih.gov/afni). Subsequent preprocessing,
including spatial filtering (full width at half maximum [FWHM] 
6 mm), temporal bandpass filtering, and spatial normalization,
was performed using FSL software (http://www.fmrib.ox.ac.
uk/fsl).
Study Specific Template Generation
To optimize automated spatial normalization and avoid pos-
sible group differences related to registration errors (28), we
created a study-specific template based on the approach em-
ployed in optimized voxel-based morphometry protocols (28).
To create the template, all participants’ brain images were 1)
spatially normalized to Montréal Neurological Institute (MNI)
space using a 12-parameter affine transformation in the FLIRT
programé (http://www.fmrib.ox.ac.uk/fsl),é 2)é spatiallyé filtered
(FWHM  8 mm), and 3) averaged. Using this template, we
recalculated the spatial transformation for each participant using
a 12-parameter affine implemented in FLIRT. Repeating our
analyses using the standard adult 152 brain MNI template rather
than the study specific template yielded nearly identical results.
Functional Connectivity Analyses
To obtain time series for each seed in each participant, we 1)
transform the subject’s time series into MNI space using a 12
degrees of freedom linear affine implemented in FLIRT (voxel
size  1  1  1 mm) and 2) calculate the mean time series for
each of the three mask spheres centered around the three
spherical regions of interest (ROIs; 123 voxels, radius  3.5 mm)
centered at the coordinates reported by Weissman et al. (2006)
converted to MNI space (dACC: x  8, y  7, z  38; rIFG: x 
34, y  45, z  23; rMFG: x  49, y  19, z  0). For each ROI,
individual participant analyses were carried out using the GLM
implemented in FEAT, using a seed-based regression approach
employedéinéouréprioréworké(10),éwithétheétimeéserieséforétheéROI,
as well as for the nuisance covariates (time series regressors for
global signal intensity, white matter, cerebrospinal fluid, and six
motionéparameters)éasépredictors.é(SeeéFigureé1éforéschematic
outline). We produced individual subject-level maps of all pos-
itively and negatively predicted voxels for each regressor, cor-
recting for multiple comparisons at the cluster level using
Gaussian random field theory (min Z  2.3; cluster significance:
p  .05, corrected). Group-level analyses (within and between)
were conducted using a mixed-effects model (FLAME) imple-
mented in FSL, which produced thresholded Z score maps of
activity associated with each ROI. On the basis of the assumption
thatécorticaléconnectivityéshouldébeéreciprocalé(29),éweéusedéthe
time series corresponding to the region that differed significantly





Total Subjects 20 20
Mean SD Age (years) 34.9  9.9 31.2  9.0
Number (%) Male 16 (80%) 14 (70%)
Years of Education Completed 17.2 1.9 17.6 1.6
Inattentive Symptomsa 7.4  1.6 1.2  0.4
Hyperactive/Impulsive
Symptomsa 5.9  2.6 1.5  0.6
Number (%) Treated 9 (45%) 0
ADHD, attention-deficit/hyperactivity disorder.
aCurrent DSM-IV inattention and hyperactivity/impulsivity symptoms
(lifetime symptoms for healthy comparisons) were assessed using the Adult
ADHD Clinical Diagnostic Scale 2.1. Symptom data on this scale were un-
available for two subjects diagnosed with combined-type ADHD by clinical
interview. Age, sex distributions, and educational attainment did not differ
significantly (p .20).




sponding positively and negatively predicted networks and their
significant group differences.
Exploratory correlations between inattention and hyperactiv-
ity/impulsivity symptom severity reports were performed with
the regression parameter estimates for the significant between
group difference at a two-sided alpha of .05.
Results
Although both rIFG and rMFG ROIs were significantly nega-
tively related to precuneus and PCC in both groups (see Supple-
ment 1), these relationships did not differentiate the groups
significantly. By contrast, functional connectivity analyses of the
dACC ROI demonstrated significantly less negatively correlated
activity (p  .0004, corrected; 3989 cubic voxels 1.5 mm per side
13,436 mm3) in precuneus/PCC in subjects with ADHD (see
Figure 2 and Table 2).
As shown in Figure 3, the precuneus/PCC mask obtained from
the dACC ROI-based group difference robustly predicted positively
and negatively correlated activity in healthy volunteers. The posi-
tively correlated regions coincided with the default-mode network
in control subjects, but the ADHD group lacked the anterior
component of that network. As the right panel of Figure 3 shows,
the groups differed significantly in medial prefrontal cortex and
Figure 1. Data analytical path for preprocessing, extraction of region of
interest and nuisance covariate time series, individual subject multiple re-
gression analyses, and mixed effects analyses of group results.
Figure2. (A)Functional connectivity analyseswere carriedoutusinga spherical regionof interest (ROI) locatedinanteriorcingulatecortex(ACC;diameter7mm,
number of voxels 123;MNI coordinates x 8, y 7, z 38), based on the findings ofWeissman et al. (2006). (B)Voxels positively (red) and negatively (blue)
predicted by the time series for the ACC ROI (sagittal slice: x 6; coronal slice: y62). A robust negative or antiphasic relationship was noted between the
ACC seed region and default-mode network components (i.e., an increase in ACC activity predicts a decrease in default-mode activity). Attention-deficit/
hyperactivity disorder–related decreases in functional connectivity were noted between the ACC and precuneus.
Table 2. ADHD-Related Decreases in Functional Connectivity with ACC
(MNI coordinates x 8, y 7, z 38)
Regiona BA x y z Z Score
Posterior Cingulate Gyrus 31 15 56 28 4.42
Precuneus 7 8 63 38 4.14
Precuneus 7 22 59 28 4.05
Precuneus 7 1 80 41 3.83
Precuneus 7 4 66 37 3.5
Precuneus 7 22 60 37 3.37
ACC, anterior cingulate cortex; ADHD, attention-deficit/hyperactivity
disorder; BA, Brodmann’s area.
aPeak activations reported for cluster identified in precuneus (x 4, y
65, z  34; p  3.7  104, corrected; cluster size  3661). All table
coordinates in Talairach space.




superior frontal gyrus (p  3  1011, corrected) and also in
PCC/precuneus (p .02, corrected; see Table 3). The ADHD group
also showed significantly less negatively correlated functional activ-
ity in ACC (Brodmann’s area [BA] 24, 31, 32) and medial frontal
gyrus (BA 6) (p .00002, corrected) and in superior temporal gyrus
(BA 22, 41; p  .04, corrected), including claustrum and precentral
gyrus (BA 43, 44). Figure 4 shows the distribution of regression
parameter estimates for the negatively correlated relationship be-
tween dACC ROI and PCC/precuneus in the two groups (means 
SD .23  0.12 and .01  .15 for healthy control and ADHD
groups, respectively; t (38)  5.10, p  9.6  106; d  1.61, 95%
confidence interval .79–2.43). The regression parameter estimates
were significantly negatively correlated with ADHD symptoms
across the entire sample (Pearson Correlation Coefficients ranged
between .61 and .54 (n  38, p  .001) for the childhood or
adulthood symptoms of hyperactivity/impulsivity or inattention.
However, despite our prediction, we did not detect significant
relationships between the parameter estimates and severity of
Figure 3. (A) Secondary functional connectivity analyses were carried out using the posterior cingulate/precuneus cluster identified in our primary analyses
as the seed region. (B) For each group (attention-deficit/hyperactivity disorder [ADHD] and control subjects), voxels positively (red) and negatively (blue)
predicted by the time series for the seed region are indicated. These analyses provided further support for ADHD-related decreases in precuneus/anterior
cingulate cortex (ACC) connectivity. Furthermore, they identified areas of ADHD-related decreases in connectivity amongprecuneus andother default-mode
network components, including ventromedial prefrontal cortex and anterior portions of posterior cingulate cortex.
Table 3. ADHD-Related Decreases in Negatively and Positively Correlated Functional Connectivity with Precuneus/Posterior Cingulate Regions
Region BA x y z Cluster Size (No. Voxels) Cluster Significance Peak Z Scores
Negatively Correlated Functional Connectivity
Middle Frontal Gyrusa 6 14 6 49 5201 p 1.5 105, corrected —
Cingulate Gyrus 24 9 3 37 — — 4.41
Cingulate Gyrus 24/32 9 6 37 — — 4.17
Middle Frontal Gyrus 6 6 0 55 — — 4.09
Cingulate Gyrus 32 9 10 37 — — 4.08
Cingulate Gyrus 24 13 4 44 — — 4.02
Cingulate Gyrus 31 19 36 43 — — 3.82
Superior Temporal Gyrusa 22 47 10 5 1704 p .038, corrected —
Superior Temporal Gyrus 41 47 23 10 — — 4.17
Claustrum — 32 12 11 — — 4.08
Claustrum — 38 12 5 — — 3.66
Superior Temporal Gyrus 22 53 3 1 — — 3.44
Precentral Gyrus 43 59 8 10 — — 3.38
Precentral Gyrus 44 49 3 7 — — 3.36
Positively Correlated Functional Connectivity
Middle Frontal Gyrusa 9 4 45 25 13,479 p 31011, corrected —
Superior Frontal Gyrus 9 7 55 26 — — 4.47
Superior Frontal Gyrus 10 19 63 22 — — 4.36
Superior Frontal Gyrus 10 19 66 22 — — 4.24
Middle Frontal Gyrus 9 2 48 22 — — 4.1
Middle Frontal Gyrus 9 2 51 20 — — 4.05
Middle Frontal Gyrus 6 31 18 53 — — 4
Cingulate Gyrusa 31 0 49 28 1971 p .018, corrected —
Posterior Cingulate 31 4 54 26 — — 3.66
Precuneus 31 7 60 26 — — 3.59
Cingulate Gyrus 31 6 39 29 — — 3.48
Posterior Cingulate 23 5 59 19 — — 3.34
Cuneus 7 3 63 31 — — 3.33
Cingulate Gyrus 31 1 29 37 — — 3.18
ADHD, attention-deficit/hyperactivity disorder; BA, Brodmann’s area.
aPeak activations reported for cluster.




inattentive symptoms in the ADHD group (or the control group),
presumably reflecting the highly restricted ranges of symptom
counts within each group.
Discussion
By analyzing the intrinsic functional connectivity of putative
frontal control loci in unbiased whole brain comparisons, we
confirmed that the negative relationship posited by Weissman
et al. (11) between control regions and the default-mode network
is intrinsically represented in brain. Consistent with our hypoth-
esis that ADHD is associated with abnormalities in fronto-default-
mode interactions implicated in preventing attentional lapses, we
found ADHD-related decreases in functional connectivity be-
tween a dorsal ACC seed and posterior components of the
default-mode network (i.e., precuneus and PCC). Iteratively
using the precuneus/PCC region as a “seed” for an additional
regression analysis revealed ADHD-related decreases in connec-
tivity among components of the default-mode network, notably
between precuneus/PCC and ventromedial prefrontal cortex. We
did not find a specific relationship between functional connec-
tivity measures and inattention symptoms within the ADHD
group, perhaps because inattentive and hyperactive symptoms,
both of which were significantly negatively correlated with the
regression parameter estimates, were highly correlated in our
combined-type ADHD sample (r  .68). Of note, these novel
results fit with the three unbiased voxel-based morphometric
findings of diminished volume (30,31) or decreased cortical
thickness (32) in precuneus and PCC in ADHD.
Although not the primary focus of this study, our finding of
ADHD-related decreases in connectivity between anterior and
posterior default mode components may suggest a novel locus of
dysfunction for working-memory deficits commonly observed in
ADHD (33). Better performance on a working-memory task has
been reported to be positively related to the strength of func-
tional connectivity between anterior and posterior default-mode
components (VMPFC and PCC) (34). In this light, our findings of
ADHD-related decreases in functional connectivity among de-
fault-mode components and abnormal connectivity with control
regions suggest a potential neural basis for a linkage between
working memory deficits and attentional fluctuations that will be
addressed in future studies. Similarly, future studies combining
pharmacologic manipulations and electrophysiologic methods or
magnetoencephalography are required to move beyond func-
tional connectivity to effective connectivity, the influence exerted
by one neural system on another (8).
Our results do not confirm a prior report of greater functional
connectivity in adolescents with ADHD between dACC and
widespread regions including thalamus, cerebellum, insula, and
pons (17). There are several possible explanations for our
divergent findings. First, the ACC is functionally and structurally
complex (35,10); we “seeded” an ACC subregion empirically
linked to default-mode interactions, while the seed ROI used by
Tian et al. (17) comprised the entire dorsal ACC. Second, Tian et
al. did not differentiate the antiphase relationships (“anticorrela-
tions”) (14,24) that accounted for our findings. It is possible that
undiagnosed learning disorders in the ADHD participants may
have contributed to our finding, although the reasonably high
level of educational attainment in all participants tends to
diminish this concern. Finally, the studies differed with respect to
age group (child, adult). In future studies, we plan to examine
age effects and directly assess cognitive measures such as
attentional lapses (6,7), working memory (33), response variabil-
ity (36), and medication response.
In summary, we found strong evidence of disconnection
between an anterior cingulate control region implicated in
ADHD (32,37) and posterior components of the default-mode
network (i.e., precuneus and PCC). In the context of increasing
awareness of the complex role of precuneus and PCC in “high-
level integration between posterior association processes and
anterior executive functions” (38, p. 578), our findings suggest
that structural and functional circuits linking the dACC to precu-
neus and PCC may represent “small-world network” long-range
connections (39) that should be considered as a candidate locus
of dysfunction in ADHD.
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Recent years have witnessed an upsurge in the usage of resting-
state functional magnetic resonance imaging (fMRI) to examine
functional connectivity (fcMRI), both in normal and pathological
populations. Despite this increasing popularity, concerns about the
psychologically unconstrained nature of the ‘‘resting-state’’ remain.
Across studies, the patterns of functional connectivity detected are
remarkably consistent. However, the test--retest reliability for
measures of resting state fcMRI measures has not been de-
termined. Here, we quantify the test--retest reliability, using resting
scans from 26 participants at 3 different time points. Specifically,
we assessed intersession (>5 months apart), intrasession (<1 h
apart), and multiscan (across all 3 scans) reliability and consistency
for both region-of-interest and voxel-wise analyses. For both
approaches, we observed modest to high reliability across
connections, dependent upon 3 predictive factors: 1) correlation
significance (significantly nonzero > nonsignificant), 2) correlation
valence (positive > negative), and 3) network membership (default
mode > task positive network). Short- and long-term measures of
the consistency of global connectivity patterns were highly robust.
Finally, hierarchical clustering solutions were highly reproducible,
both across participants and sessions. Our findings provide a solid
foundation for continued examination of resting state fcMRI in
typical and atypical populations.
Keywords: fMRI, intraclass correlations, reliability, resting-state functional
connectivity, test--retest
Introduction
Recent years have witnessed a proliferation of fMRI studies
examining resting-state functional connectivity (fcMRI) in both
normal and pathological populations. This approach detects
spatial patterns of temporally correlated low-frequency fluctu-
ations in the blood oxygen level--dependent (BOLD) signal
across the brain (Biswal et al. 1995). Resting-state fcMRI allows
researchers to map out complex neural circuits, referred to as
intrinsic connectivity networks (ICNs), with a degree of detail
and specificity previously possible only in animal paradigms or
meta-analyses of hundreds of studies (Margulies et al. 2007; Di
Martino et al. 2008; Kahn et al. 2008). Furthermore, the ICNs
observed during rest show significant overlap with task-evoked
activations (Biswal et al. 1995; Greicius et al. 2003; Fox et al.
2007; Toro et al. 2008), structural connectivity (Andrews-
Hanna et al. 2007; Greicius, Supekar, et al. 2008; Hagmann et al.
2008; Lowe et al. 2008) and maps of anatomical connectivity
derived using retrograde tracers in macaques (Vincent et al.
2007). In light of these observations, coherent spontaneous
low-frequency fluctuations in BOLD activity are increasingly
recognized as an intrinsic property of brain (Buckner et al.
2008; Fox and Raichle 2007), suggesting that measures of
fcMRI are inherently stable.
The remarkable spatial consistency of ICNs detected across
resting-state fcMRI studies appears to corroborate such sta-
bility. The ICNs detected using both model-based (e.g., seed-
based correlation analysis) and model-free approaches (e.g.,
independent component analysis) are highly reproducible
across participants and scans (Van De Ven et al. 2004;
Damoiseaux et al. 2006) and multiple resting-state conditions,
including eyes open, eyes closed, or fixation (Fox et al. 2005;
Fransson 2005). The spatial configurations of ICNs are also
preserved across conscious states, specifically during light
sedation (Greicius, Kiviniemi, et al. 2008; Horovitz et al. 2008)
and during sleep (Fukunaga et al. 2006, 2008).
Although these studies indicate that the overall architecture
of correlated spontaneous activity in the brain is stable, other
work suggests that the strength of specific correlations
between regions is dynamic. Task demands have been shown
to modulate functional connectivity within ICNs (Fransson
2006; Hampson et al. 2006; Harrison, Pujol, Lo´pez-Sola`, et al.
2008; Kelly, Uddin, et al. 2008), and may alter the spatial con-
figuration of negative correlations to a greater extent than that
of positive correlations (Tian et al. 2007). Other studies have
shown that specific interregional functional connections are
modulated by factors such as current conscious (Greicius,
Kiviniemi, et al. 2008; Horovitz et al. 2008), cognitive (Waites
et al. 2005) and emotional state (Harrison, Pujol, Ortiz, et al.
2008). Given the unconstrained nature of the resting state,
such factors should decrease the reliability of fcMRI measures
for a given individual across time. Accordingly, the reliability of
resting state measures, and the factors that may modulate it,
need to be rigorously examined.
To our knowledge, no prior study has explicitly quantified
the test--retest reliability of resting state fcMRI measures. As
differences in fcMRI measures have been associated with
differences between clinical groups (Castellanos et al. 2008; see
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Greicius 2008 for review; Greicius et al. 2007; He, Snyder, et al.
2007; Kennedy et al. 2006; Liu et al. 2008) and with
interindividual differences in behavioral performance (Fox
et al. 2007; Hampson et al. 2006; Kelly, Uddin, et al. 2008;
Seeley et al. 2007), establishing the reliability of these measures
is crucial to the continued investigation of such interindividual
and group-based differences.
In the present study, we investigated the test--retest
reliability of resting-state fcMRI. Specifically, we used fMRI to
measure resting-state activity in a group of 26 participants at
3 different time points, in order to assess intersession
( >5 months apart), intrasession ( <1 h apart), and multiscan
(across all 3 scans) reliability. To provide a comprehensive
assessment of brain functional connectivity, we adopted several
approaches. As a starting point, we specified 3 sets of regions of
interest (ROIs), derived from 4 different and representative
studies (Dosenbach et al. 2007; Kennedy et al. 1998; Makris
et al. 1999; Toro et al. 2008). We then explored the reliability
and consistency of fcMRI between ROIs within each seed set in
3 different ways. We computed the following: 1) the reliability
of correlations between pairs of ROIs using intraclass correla-
tions (ICC); 2) the consistency of entire sets of correlations,
using Kendall’s coefficient of concordance (Kendall’sW); 3) the
consistency with which hierarchical clustering partitioned
ROIs into 2 of the most commonly observed ICNs in the resting
state fcMRI literature, the ‘‘default mode’’ and the ‘‘task
positive’’ networks. We also calculated ICC and Kendall’s W
on a voxelwise basis for the ICNs associated with 3 seed ROIs
placed in posterior cingulate cortex (PCC), supplementary
motor area (SMA), and the inferior parietal sulcus (IPS). As
previous studies have suggested that the stability of fcMRI
measures may vary, we also explored 3 factors that could
impact reliability. These were 1) statistical significance of
correlations, 2) valence of correlations (i.e., positive vs.
negative correlations), and 3) network membership of regions
(default mode vs. task positive network).
Materials and Methods
Participants
Twenty-six right-handed native English-speaking participants were
included (11 males; mean age 20.5 ± 8.4). Participants had no history of
psychiatric or neurological illness, as confirmed by a psychiatric clinical
assessment. The study was approved by the institutional review boards
of the New York University School of Medicine and New York
University. Signed informed consent was obtained prior to participa-
tion, which was compensated.
fMRI Data Acquisition
A Siemens Allegra 3.0 Tesla scanner equipped for echoplanar imaging
(EPI) was used for data acquisition. For each participant, we collected
3 resting-state scans of 197 continuous EPI functional volumes (time
repetition [TR] = 2000 ms; time echo [TE] = 25 ms; flip angle = 90; 39
slices, matrix = 64 3 64, field of view [FOV] = 192 mm; acquisition voxel
size = 3 3 3 3 3 mm) for each scan. Scans 2 and 3 were conducted in
a single scan session, 45 min apart, and were 5--16 months (mean 11 ± 4
months) after Scan 1. Complete cerebellar coverage was not possible
for all participants and only those cerebellar regions acquired in all
participants were included in subsequent statistical analyses. During
the scan, participants were instructed to rest with their eyes open
while the word ‘‘Relax’’ was centrally projected in white, against a black
background. For spatial normalization and localization, a high-resolution
T1-weighted anatomical image was also acquired using a magnetization
prepared gradient echo sequence (MP-RAGE, TR = 2500 ms; TE = 4.35 ms;
inversion time (TI) = 900 ms; flip angle = 8; 176 slices, FOV = 256 mm).
fMRI Data Preprocessing
Consistent with prior work in our lab (e.g., Margulies et al. 2007;
Di Martino et al. 2008), data were processed using both AFNI (version
AFNI_2008_07_18_1710, http://afni.nimh.nih.gov/afni) and FSL (ver-
sion 3.3, www.fmrib.ox.ac.uk). Image preprocessing using AFNI
consisted of 1) slice time correction for interleaved acquisitions using
Fourier interpolation, 2) 3D motion correction (3D volume registration
using least-squares alignment of 3 translational and 3 rotational
parameters), and 3) despiking of extreme time series outliers using
a continuous transformation function. Preprocessing using FSL con-
sisted of 4) mean-based intensity normalization of all volumes by the
same factor, 5) spatial smoothing (Gaussian kernel of full-width half
maximum 6 mm, see below for exception), 6) temporal high-pass
filtering (Gaussian-weighted least-squares straight line fitting with
sigma = 100.0 s), 7) temporal low-pass filtering (Gaussian filter with
half-width half maximum = 2.8 s), and 8) correction for time series
autocorrelation (prewhitening). Prewhitening renders successive time
points independent of one another, thus improving the validity of
subsequent statistical analyses (Woolrich et al. 2001). Functional data
were then transformed into MNI152 (Montreal Neurological Institute)
space using a 12 degree of freedom linear affine transformation
implemented in FMRIB Linear Image Registration Tool (voxel size = 2 3
2 3 2 mm). Mean time series for each ROI (selection described below)
were extracted from this standardized functional volume by averaging
over all voxels within the region. To ensure that each time series
represented regionally specific neural activity, in each analysis, the
mean time series of each ROI was orthogonalized with respect to 9
nuisance signals (global signal, white matter, cerebrospinal fluid, and 6
motion parameters). In previous studies (e.g., Margulies et al. 2007; Di
Martino et al. 2008), seed time series were orthogonalized with respect
to one another, in addition to the 9 nuisance signals. This was necessary
because the aim of those studies was to examine functional differenti-
ation within specific brain regions such as the anterior cingulate cortex.
Orthogonalization removes signals common to all the seeds, thus
permitting the detection of fcMRI unique to each seed included in the
model. In contrast, in the present study, our aim was to examine
condition-related (i.e., time- or scan-related) differences in fcMRI. In line
with other studies from our group that examined group differences in
fcMRI (e.g., Castellanos et al. 2008; Kelly, Di Martino, et al. 2008), we have
not orthogonalized the seed time series with respect to one another. This
is because in the context of the examination of interindividual, group- or
condition-related differences, removal of signals common to the seeds
(through orthogonalization) can be hazardous, because the nature or
degree of the signal removed can differ between groups or conditions,
introducing a confound.
Functional Connectivity: ROI Selection
In view of the possible influence of ROI selection on functional
connectivity, we adopted 3 different seed sets based on previously
published studies (see Table S1 for all ROI coordinates). In separate
analyses, we assessed the reliability of connections between seeds of
each set.
The 3 sets used were as follows:
 Set A: Dosenbach et al. (2007): Combining data from 8 studies
comprising 183 participants, Dosenbach et al. (2007) identified
39 regions that demonstrated activity related to task control processes
(e.g., start-cue or error-related activity). For each region, a spherical ROI
(radius = 5 mm) centered on the reported coordinate was created. As
coordinates were originally reported in Talairach space, they were first
converted to MNI152 space using tal2mni.m (Brett et al. 2001).
 Set B: Toro et al. (2008) . From a meta-analysis of 825 neuroimaging
papers, Toro and colleagues identified 30 ROIs demonstrating
consistent coactivation. These regions represented 2 well-known
networks (‘‘task positive’’ and ‘‘task-negative’’), which have also been
observed in resting-state analyses (Fox et al. 2005; Fransson 2005;
Kelly, Uddin, et al. 2008). For each region, a spherical ROI (radius = 5
mm) centered on the reported coordinate was created. We
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excluded 2 of the reported regions (inferior temporal cortex and
cerebellum) from our analyses due to incomplete coverage of the
brain in some of our participants. Although Toro et al. (2008)
reported the peak coordinates in MNI305 stereotaxic space, no
conversion to MNI152 space was necessary. These MNI152 and
MNI305 spaces are essentially equivalent as the brains used to create
the MNI152 template were first registered to the MNI305 brain using
a 9 parameter affine transform (Brett et al. 2002).
 Set C: Kennedy et al. (1998); Makris et al. (1999). In order to
conduct an objective survey of connectivity across the brain, we
parcellated each hemisphere into 56 anatomical regions of interest
using the Harvard--Oxford Structural Atlas, a probabilistic atlas in
MNI152 space that defines regions based on standard anatomical
boundaries. Masks were generated from the 25% thresholded atlas
provided by FSL, and masks overlapping the midline were divided at
X = 0.
Although preprocessing was identical for analyses using Sets A and B,
spatial smoothing differed for Set C. More specifically, ROIs in Sets A
and B were extracted from spatially smoothed data, whereas ROIs in Set
C were extracted from nonspatially smoothed data in line with
previous studies (Salvador et al. 2005; Achard et al. 2006; Liu et al.
2008).
Functional Connectivity: ROI Analyses
Subsequent to time series extraction, functional connectivity analyses
were carried out in the R statistical environment (version 2.7.0, http://
www.r-project.org). For each seed set, Pearson correlation coefficients
were calculated for each pair of regions, for each subject and each scan.
The resulting correlation coefficients were either Fisher z-transformed
for subsequent calculation of ICC, or were transformed into a distance
measure (1 - r), for use in subsequent consistency (Kendall’s W) and
clustering analyses.
To assess the significance of the correlation between each pair of
regions in each seed set, we carried out a one-sample t-test on the z-
transformed correlation coefficients for the 26 participants. Signifi-
cance was defined as a 2-sided P-value of 0.05, which was adjusted for
multiple comparisons using a Bonferroni correction (741 correlations
for Set A, 378 for Set B, and 6216 for Set C). This t-test determined the
group-level significance of each correlation (i.e., whether or not the
correlation differed significantly from zero).
To derive a group-level functional connectivity matrix, every z-
transformed correlation was averaged across subjects, for each seed set
and for each scan. The resulting matrix of mean z-transformed
correlation values was then reverse transformed to produce a matrix
of group-mean r-values (Corey et al. 1998).
Functional Connectivity: Voxelwise Analyses
For each participant, we performed a multiple regression analysis (as
implemented in the FSL program FEAT [version 3.3. www.fmrib.
ox.ac.uk]) to identify those voxels positively and negatively correlated
with each of 3 seed ROIs. The seed ROIs were selected from seed Set C
(Toro et al. 2008): the PCC (MNI coordinates: –6 –58 28), SMA (–2 10
48), and IPS (26 –58 48). These 3 ROIs were selected because they
represent core components of the commonly identified default mode
and task positive networks. The time series data were preprocessed as
outlined above, and the seed ROI time series were orthogonalized with
respect to the same 9 nuisance signals (global signal, white matter,
cerebrospinal fluid, and 6 motion parameters). For a more complete
description of our methods for determining voxelwise connectivity, see
Margulies et al. (2007) and Di Martino et al. (2008).
Group-level analyses were carried out using a mixed-effects model
(as implemented in the FSL program FLAME). Corrections for multiple
comparisons were carried out at the cluster level using Gaussian
random field theory (min Z > 2.3; cluster significance: P < 0.05,
corrected). This group-level analysis produced thresholded Z-score
maps (‘‘networks’’) of positive and negative functional connectivity for
each seed ROI. Group-level maps were calculated for each scan (scans
1, 2 and 3). We also calculated group-level maps of intersession,
intrasession, and multiscan functional connectivity. To do this, we
carried out a fixed-effects analysis for each participant, which
combined scans 1 and 2 (intersession fcMRI), scans 2 and 3
(intrasession fcMRI) and scans 1, 2 and 3 (multiscan fcMRI). For all
our analyses, we defined intersession reliability as the comparison
between scans 1 and 2, rather than scans 1 and 3, because scans 1 and 2
both represent the first resting-state scan of their respective scan
sessions. Subsequent to this subject-level fixed-effects analysis, a stan-
dard mixed-effects model was employed to derive the thresholded Z-
score maps for each of the combined analyses (i.e., intersession,
intrasession, and multiscan functional connectivity).
Reliability: ROI Analyses
To investigate the reliability of each functional connection, we
calculated ICCs, a common measure of test--retest reliability (Shrout
and Fleiss 1979). For each correlation, three 26 3 n matrices were
created, representing the z-transformed correlation values for 26
participants and n scans. Here n can represent scans 1 and 2
(intersession or long-term reliability), or scans 2 and 3 (intrasession
or short-term reliability), or all 3 scans (multiscan reliability). Using
a one-way ANOVA applied to each of the 3 possibilities for n, we
obtained the between-subject mean square (MSb) and within-subject
mean square (MSw) for each correlation. ICC values were subsequently
calculated according to the following equation where k is the number
of observations per participant (Shrout and Fleiss 1979):
ICC =
MSb –MSw
MSb + ðk – 1ÞMSw
Given the substantial differences in time between scans, we
compared intersession ( >5 months apart) and intrasession ( <1 h apart)
ICC. We also examined the effect of the following factors on the
multiscan reliability of fcMRI. 1) Statistical significance: correlations
determined to be significant at the group level (see Functional
Connectivity: ROI Analyses, above) were compared with those that
failed to reach significance. 2) Valence: significant positive correlations
were compared with that of significant negative correlations. 3)
Network membership: from seed Set B (Toro et al. 2008), we compared
correlations for connections within the default mode network,
correlations for connections within the task-positive network,
and correlations for connections between the 2.
Consistency of Correlation Sets
To examine the stability for sets of correlation patterns as opposed to
individual correlations, we adopted a second approach. We used
Kendall’s coefficient of concordance (W) to quantify the consistency of
all possible correlations in each seed set in 2 ways: 1) intraindividual
(i.e., within subjects across scans) and 2) interindividual (i.e., within
scans across subjects) (Kendall and Smith 1939; Kendall and Gibbons
1990). Kendall’s W is typically used to assess agreement among raters
based on rank order of ratings, and ranges from 0 (no agreement) to 1
(complete agreement). Here, it reflects the consistency or agreement
in the rank order of correlations across participants and scans. In the
context of fcMRI, Kendall’sW has previously been used to compare the
consistency of time series within an individual (‘‘regional homogene-
ity’’; Zang et al. 2004). Kendall’sW was calculated as follows (where k =
number of scans or number of participants, n = number of possible







k2 3 ðn3 –nÞ
We applied permutation tests to assess the significance of the
resulting Kendall’s W values (see Supporting Information; Legendre and
Lapointe 2004; Mielke and Berry 2007). Taking all pairwise correlations
from each seed set, we examined the significance of 1) interindividual
consistency (i.e., comparing the consistency within scans across
subjects to chance), and 2) intraindividual consistency (i.e., comparing
the consistency of a given participant’s 3 scans to the consistency of 3
scans selected randomly from 3 different participants and always
comprising one of each scans 1, 2, and 3).
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As with ICC, we wanted to assess the substantial differences in time
between scans and compared intersession ( >5 months apart) and
intrasession ( <1 h apart) Kendall’s W. We also examined the effect of
the following factors on the multiscan consistency of fcMRI: statistical
significance, valence, and network membership (see Reliability: ROI
Analyses, above).
Consistency of Networks
We tested the reproducibility of the default mode and task networks, as
well as the reliability and consistency of correlations within and
between these networks. ROIs for these 2 networks were derived from
seed Set B (Toro et al. 2008). We used hierarchical clustering and
compared the 2-cluster solutions for each participant at each scan
session. For each scan and each participant, we 1) applied hierarchical
clustering in a manner similar to previous fcMRI studies (Cordes et al.
2002; Salvador et al. 2005; Dosenbach et al. 2007) using average linkage
to each 28 3 28 matrix of distances (1 - r) representing all pairwise
correlations for seed Set B (Toro et al. 2008) and 2) identified a 2-
cluster solution. We then explored the similarity of cluster membership
across participants and sessions. For each region, and for each scan, we
recorded the proportion of participants for whom that region was
assigned to the same cluster as in Toro et al (‘‘percent agreement’’).
We calculated the reliability of individual connections within and
between these 2 networks using ICC, and the consistency of cor-
relation patterns within and between the networks using Kendall’s W.
Reliability: Voxelwise Analyses
To assess the reliability of the 3 voxelwise analyses (for the PCC, SMA,
and IPS), we calculated the ICC for each voxel, using the same method
as for the ROI analyses. We calculated the between-subject mean
square (MSb) and within-subject mean square (MSw) for each voxel’s
parameter estimate (the output of the multiple regression analysis
conducted to assess functional connectivity), reflecting that voxel’s
connectivity with the seed ROI. We then calculated the ICC on
a voxelwise basis. As for the ROI analyses, we computed the
intersession, intrasession and multiscan ICC for each network (i.e.,
the pattern of functional connectivity associated with the PCC, SMA,
and IPS seeds), and compared inter- and intrasession ICC for each
network’s positive, negative and nonsignificant correlations using the
Wilcoxon signed rank test.
To quantify the consistency of voxelwise correlation patterns at the
individual level, we calculated the inter-, intra- and multiscan Kendall’s
W for each seed across scans as well as between subjects in an identical
manner to the ROI analysis (see Consistency of Correlation Sets). We
also directly compared the intra- and intersession concordance for
individual subjects across scans using the Wilcoxon signed rank test.
Given our previous interest in the magnitude of the negative
correlation between the cingulo-parietal or default mode network and
the fronto-parietal or task positive network (Kelly, Uddin, et al. 2008),
we also quantified the test--retest reliability of that anticorrelation. To
do this, we extracted the mean time series for the default mode and
task positive networks, using the group-level maps (for the combined
[multiscan] analysis) of positive and negative connectivity for the PCC
seed as masks. The mean time series were then orthogonalized with
respect to the 9 nuisance covariates, using the same Gram--Schmidt
process employed prior to conducting the voxelwise multiple re-
gression. Finally, for each participant we quantified the strength of the
negative relationship between the default mode and task positive time
series across participants using the Pearson correlation coefficient. We
computed the intersession, intrasession, and multiscan ICC of the
anticorrelation in the same manner as described above.
Results
Seed ROI-based fcMRI
In order to provide a comprehensive assessment of fcMRI
across the brain, we quantified the reliability and consistency of
correlations between ROIs within 3 different seed sets (Sets A,
B, and C) that were derived from 4 previously published studies
(Kennedy et al. 1998; Makris et al. 1999; Dosenbach et al. 2007;
Toro et al. 2008) (see Table S1 for all ROI coordinates).
Intraclass Correlation
To investigate the reliability of fcMRI between pairs of regions,
we calculated the ICC, a standard measure of test--retest
reliability, for all possible z-transformed correlation coeffi-
cients, separately for each seed set (Shrout and Fleiss 1979).
The ICC is a ratio of within-subject variability to between-
subject variability. Thus, for a functional connection to be
reliable, within-subject variability of r-values (i.e., across scans)
must be low relative to between-subject variability of r-values
(i.e., across participants). We calculated ICCs for correlations
taken from scans 1 and 2 (intersession reliability), scans 2 and 3
(intrasession reliability), or scans 1, 2, and 3 (multiscan
reliability).
Inter- and intrasession test--retest reliability. Intersession
(long-term; scans 1 and 2) and intrasession (short-term; scans
2 and 3) test--retest reliability were highly similar across the 3
seed sets (Table 1, Fig. S1a), though intrasession ICCs were
higher on average than intersession ICCs (Fig. 1a).
Multiscan reliability. The multiscan ICC measures reliability
across all 3 scanning sessions. By pooling all 3 scans, multiscan
ICC provides a more precise and stable estimate of reliability
(Fig. S1a). Multiscan ICCs for all correlations within a seed set
were similar for each of the 3 seed sets (Table 1, Fig. S1a).
Within each seed set, multiscan ICC values for specific
correlations were variable, ranging from effectively zero to
moderate/high reliability (maximum ICC: Set A = 0.67; Set B =
0.69; Set C = 0.76). Table 2 displays the statistically significant
correlations (i.e., those significant at the group level for each of
the 3 scans, see Functional Connectivity: ROI Analyses of
Materials and Methods) exhibiting multiscan ICC values larger
than 0.5 for seed sets A and B and larger than 0.60 for seed set C.
Table 1
ROI-based analysis: ICC summary
Multiscan Intersession Intrasession Inter versus
intra
Set A
All 0.26 ± 0.16 0.23 ± 0.20 0.31 ± 0.22 5.5 3 109
Significant 0.32 ± 0.16 0.29 ± 0.20 0.38 ± 0.20 9.9 3 104
Nonsignificant 0.24 ± 0.16 0.22 ± 0.20 0.29 ± 0.22 1.3 3 1013
Positive significant 0.36 ± 0.15 0.31 ± 0.19 0.43 ± 0.17 1.3 3 105
Negative significant 0.21 ± 0.13 0.22 ± 0.19 0.22 ± 0.20 7.3 3 101
Set B
All 0.22 ± 0.17 0.22 ± 0.22 0.27 ± 0.22 2.7 3 102
Significant 0.27 ± 0.16 0.26 ± 0.22 0.30 ± 0.21 3.4 3 101
Nonsignificant 0.20 ± 0.16 0.19 ± 0.21 0.26 ± 0.23 2.8 3 105
Positive significant 0.32 ± 0.17 0.31 ± 0.20 0.36 ± 0.23 6.3 3 102
Negative significant 0.22 ± 0.14 0.20 ± 0.22 0.23 ± 0.15 3.3 3 101
Set C
All 0.22 ± 0.16 0.22 ± 0.20 0.26 ± 0.20 1.9 3 1010
Significant 0.24 ± 0.15 0.26 ± 0.19 0.29 ± 0.20 5.9 3 106
Nonsignificant 0.21 ± 0.16 0.21 ± 0.20 0.25 ± 0.20 7.2 3 1027
Positive significant 0.29 ± 0.14 0.28 ± 0.18 0.32 ± 0.19 2.1 3 1011
Negative significant 0.16 ± 0.14 0.22 ± 0.19 0.21 ± 0.19 7.3 3 101
Note: Listed are the mean and standard deviation of intersession, intrasession, and multiscan
ICCs for all, significant, nonsignificant, positive significant, or negative significant correlations for
each seed set. The last column of each table indicates the P-value for the comparison of inter-
and intrasession ICCs. Significant P-values (less than 0.01, corrected for 5 comparisons for each
seed set) are marked in italics.
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Factors affecting ICC. Significant versus nonsignificant
connections. As most fcMRI studies focus their analyses on
statistically significant correlations, we compared the ICCs of
both significant and nonsignificant correlations (Fig. 2a). A
Wilcoxon rank-sum test demonstrated that intersession, intra-
session, and multiscan ICCs for significant correlations were
significantly greater than for nonsignificant correlations (Table
1) for all 3 seed sets (P < 0.0001 for all comparisons).
Positive versus negative correlations. Consistent with
previous research suggesting greater variability of negative
fcMRI correlations (Tian et al. 2007; Skudlarski et al. 2008), we
found that positive correlations were more reliable than
negative correlations (Fig. 2b). Restricting our analysis to only
significant correlations, a Wilcoxon rank-sum test demon-
strated that positive correlations were significantly more
reliable than negative correlations for intersession, intrasession,
and multiscan comparisons across all 3 seed sets (see Table 1;
P < 0.001 for all comparisons).
Magnitude of correlations. Figure 3 plots the mean group-
level correlation (i.e., the group-level correlation, averaged across
all 3 scans) against the corresponding multiscan ICC (see Fig. S2
for similar inter- and intrasession plots). Spline-based nonpara-
metric regression fits, shown in the figures, revealed a trend
towards increasing ICC for increasing magnitudes of correlation
values, especially for positive correlations. Approximate Wald
tests of these nonparametric regression models (Wood 2006)
confirmed the significance of the nonlinear relationships
between correlation and intersession, intrasession, andmultiscan
ICC for all 3 seed sets (P < 0.0001 for all comparisons).
Intersession versus intrasession ICC. The difference be-
tween inter- and intrasession ICCs (Table 1) was significant
(Wilcoxon signed rank test; P < 0.001) for 2 of the 3 seed sets
(Set A and Set C). This was the case for all of the comparisons
we examined, except for negative significant correlations (i.e.,
intrasession ICCs were significantly larger for all correlations
combined, and for significant, nonsignificant, and positive
significant correlations). For Set B, only nonsignificant corre-
lations exhibited a significantly higher intrasession ICC
(Wilcoxon signed rank test; P < 0.001).
Kendall’s Coefficient of Concordance
We used the ICC to quantify the reliability of specific
connections. However, functional connections may be best
considered not in isolation but rather as part of a general
pattern of connectivity. Thus, we measured the concordance of
sets of correlations within and between subjects using
Kendall’s coefficient of concordance (W). Kendall’s W reflects
the consistency or agreement in the rank order of correlations
across subjects or across scans, and ranges from 0 (no
agreement) to 1 (complete agreement). We assessed interses-
sion (scans 1 and 2), intrasession (scans 2 and 3), and multiscan
(scans 1, 2, and 3) consistency in terms of 1) intraindividual
consistency (i.e., concordance of sets of correlations within
subjects across scans) and 2) intraindividual consistency (i.e.,
concordance of sets of correlations within scans across
subjects).
Inter- and intrasession consistency. Within subjects (i.e.,
intraindividual), the consistency of each seed set across
intersession scans 1 and 2 and intrasession scans 2 and 3
ranged from moderate to high (Table 3, Fig. 1a, Fig. S1b, see
Fig. S3 for 2 representative participants). The differences in
Figure 1. ROI-based analysis: inter- and intrasession reliability and consistency. (a) Intersession (scans 1 and 2) test--retest reliability (ICC) plotted against intrasession Scans 2
and 3) test--retest reliability. (b) Intersession consistency (Kendall’s coefficient of concordance, W) plotted against intrasession consistency.
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intra- and intersession consistency for all correlations were not
significant for any of the 3 seed sets (Wilcoxon signed rank
test), following Bonferroni correction for multiple comparisons
(i.e., adjusted for 5 comparisons, P < 0.01). Between subjects
(i.e., interindividual), the consistency of each seed set for scans
1, 2, and 3 were highly similar (Table 4).
Multiscan consistency. Intraindividual consistency ranged from
moderate to high (Table 3, Fig. S1b), whereas interindividual
consistency for each seed set was lower. Permutation tests
indicated that these levels of consistency were highly
significant (intra- and interindividual consistency, for all sets,
P < 0.0001).
Factors affecting consistency. Significant versus nonsignifi-
cant connections. Comparing intraindividual consistency of
sets of statistically significant or nonsignificant correlations
(Table 3), we found that significant correlations were
significantly more reliable than nonsignificant correlations for
all 3 seed sets (Wilcoxon signed rank test; P < 0.0001 for all
sets; Fig. 4a).
Interindividual consistency for sets of significant correlations
was moderate and was larger than the low consistency found
for nonsignificant correlations for each scan and each seed set
(Table 4, Fig. 4b).
Positive and negative connections. Restricting our analysis
to significant correlations, we examined differences in consis-
tency between positive and negative correlations (Table 3).
Within subjects, we found that positive correlations were
significantly more reliable than negative correlations for all 3
seed sets (Wilcoxon signed rank test; P < 0.0001 for all sets;
Fig. 4a).
Between subjects, consistency for sets of positive correla-
tions was low, as was consistency for sets of negative
correlations (Table 4, Fig. 4b).
Intersession versus intrasession consistency. For seed Set A,
intrasession consistency (within-subjects) was higher than
intersession consistency for all connections, and for significant,
nonsignificant and positive significant connections (Table 3).
However, this difference was significant (Wilcoxon signed rank
test; P < 0.01, adjusted for 5 comparisons) only for the
comparison of positive significant connections. For seed sets B
and C there were no differences in intra- and intersession
consistency.
Group-level consistency. We also assessed the concordance
of sets of correlations at the group level. Group-level
correlation matrices were generated by averaging all possible
z-transformed correlations across participants, for each seed
set and each scan. These group-average z-transformed corre-
lations were then reverse-transformed to obtain group-average
r-values. Sets of group-level correlations exhibited high inter-
and intrasession concordance (Intersession Kendall’s W; Set A =
0.94; Set B = 0.98; Set C = 0.97; Intrasession Kendall’s W; Set A =
0.92; Set B = 0.96; Set C = 0.97) as well as high multiscan
concordance (Kendall’s W: Set A = 0.91; Set B = 0.96; Set C =
0.96, see Fig. 5).
Hierarchical Clustering
We tested the reproducibility of the default mode and task
positive networks, 2 of the most commonly examined net-
works in the resting-state fcMRI literature. We also examined
the reliability and consistency of correlations within and
Table 2
ROI-based analysis: significant and reliable functional connectivity







L iPL ~ R iPL 0.67 0.33 0.37 0.39
L dlPFC ~ L iPL 0.65 0.40 0.38 0.37
R aFG ~ L pTC 0.63 0.16 0.14 0.09
mCC ~ R Prc 0.63 0.38 0.38 0.40
L dlPFC ~ R dlPFC 0.59 0.37 0.36 0.36
L pCC ~ R Prc 0.59 0.19 0.17 0.15
R aPFC ~ R aL/fO 0.58 0.30 0.29 0.20
L aFG ~ L pTC 0.57 0.31 0.29 0.31
L aPFC ~ L dlPFC 0.55 0.20 0.24 0.22
L pCC ~ L lCb 0.55 0.15 0.18 0.13
L pTC ~ L Prc 0.55 0.17 0.18 0.17
L TPJ ~ R aL/fO 0.54 0.14 0.18 0.23
L mOC ~ R mOC 0.53 0.58 0.49 0.54
R dlPFC ~ L iPL 0.53 0.22 0.20 0.25
R iPL ~ R Prc 0.52 0.19 0.23 0.29
L pCC ~ L Prc 0.51 0.26 0.25 0.30
R pTC ~ R Prc 0.51 0.12 0.22 0.19
R Prc ~ R IPS 0.51 0.18 0.23 0.26
L pCC ~ R aPFC 0.51 0.19 0.12 0.13
R aFG ~ R pTC 0.51 0.21 0.22 0.16
L iCb ~ R lCb 0.50 0.19 0.14 0.17
R pCC ~ R Prc 0.50 0.27 0.27 0.29
R mTC ~ L pTC 0.50 0.13 0.09 0.13
Set B
SFC-L ~ pCC1 0.66 0.38 0.39 0.40
LPC-L ~ pCC1 0.62 0.57 0.58 0.55
iTC-R ~ aCC1 0.61 0.18 0.15 0.11
SFC-R ~ dlPFC-R 0.59 0.25 0.13 0.15
FEF-L ~ vIPS-L 0.58 0.19 0.12 0.15
vFEF-R ~ IPS-R 0.55 0.27 0.26 0.23
FEF-L ~ IPS-R 0.54 0.24 0.19 0.18
vIPS-R ~ vIPS-L 0.53 0.58 0.57 0.57
SMA/preSMA ~ iPCS-L 0.53 0.30 0.30 0.24
iTC-R ~ pCC1 0.51 0.28 0.29 0.20
vIPS-R ~ IPS-L 0.51 0.27 0.23 0.20
vOC-R ~ vIPS-R 0.50 0.30 0.29 0.32
iTC-R ~ aCC2 0.50 0.23 0.22 0.17
aCC1 ~ dlPFC-R2 0.50 0.16 0.14 0.15
Set C
L SCC ~ L pCG 0.67 0.38 0.43 0.37
L AG ~ L pMTG 0.67 0.51 0.45 0.50
L AG ~ L toMTG 0.66 0.31 0.29 0.35
R PP ~ R AG 0.66 0.14 0.14 0.17
R pSG ~ R SFG 0.65 0.16 0.15 0.16
R PT ~ R PCG 0.65 0.14 0.13 0.18
L PO ~ L pSG 0.64 0.25 0.28 0.31
L toMTG ~ L pMTG 0.64 0.35 0.35 0.40
L PO ~ L SMC 0.64 0.43 0.44 0.41
R FO ~ R INS 0.63 0.64 0.60 0.59
R pSG ~ L pSG 0.63 0.50 0.51 0.52
R toMTG ~ R INS 0.63 0.24 0.27 0.22
R PCG ~ L pSG 0.62 0.18 0.20 0.13
R pMTG ~ L AG 0.62 0.36 0.28 0.24
R AG ~ L pSG 0.62 0.23 0.24 0.22
L AG ~ L aMTG 0.62 0.25 0.24 0.21
R SFG ~ L SFG 0.61 0.49 0.48 0.55
R toMTG ~ L INS 0.61 0.24 0.24 0.17
R CO ~ L aSTG 0.60 0.48 0.46 0.41
R pSG ~ R FP 0.60 0.17 0.13 0.16
R FO ~ R SMC 0.60 0.30 0.32 0.26
Note: Listed are the correlations from each seed set that are reliable (i.e., multiscan ICC[ 0.5 for
seed Sets A--B and multiscan ICC[ 0.60 for Seed set C) and statistically significant (i.e., those
correlations significant at the group level for each of the three scans). A higher ICC threshold of
0.60 was applied for seed Set C, due to the large number of correlations with ICC exceeding 0.5.
For each brain region, the multiscan ICC and group-averaged correlation for each scan is given.
Abbreviations Set A: aFG, anterior fusiform gyrus; aI/fO, anterior insula/frontal operculum; aPFC,
anterior prefrontal cortex; dlPFC, dorsolateral prefrontal cortex; iCb, inferior cerebellum; iPL,
inferior parietal lobule; IPS, intraparietal sulcus; lCb, lateral cerebellum; mCC, middle cingulate
cortex; mOC, middle occipital cortex; mTC, middle temporal cortex; pCC, posterior cingulate
cortex; Prc, precuneus; pTC, posterior temporal cortex; TPJ, temporoparietal junction.
Abbreviations Set B: aCC, anterior cingulate cortex; dlPFC, dorsolateral prefrontal cortex; FEF,
frontal eye fields; IPS, intraparietal sulcus; iPCS, inferior precentral sulcus; iTC, inferior temporal
cortex; LPC, lateral parietal cortex; pCC, posterior cingulate cortex; SMA, supplementary motor
area and preSMA; SFC, superior frontal cortex; vFEF, ventral FEF; vIPS, ventral IPS; vOC, ventral
occipital cortex. Abbreviations Set C: AG, angular gyrus; aMTG, anterior middle temporal; aSTG,
anterior superior temporal gyrus; CO, central operculum; FO, frontal operculum; FP, frontal pole;
INS, insular cortex; PCG, paracingulate gyrus; pCG, posterior cingulate gyrus; pMTG, posterior
middle temporal gyrus; PO, parietal operculum; PP, planum polare; pSG, posterior supramarginal
gyrus; PT, planum temporale; SCC, supracalcarine cortex; SFG, superior frontal gyrus; SMC,
supplementary motor cotex; toMTG, middle temporal gyrus--temporo-occipital cortex
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more reliable than connections within the task positive network
or between the 2 networks (P < 0.0001 for both comparisons).
Second, to assess consistency within and between subjects, we
compared Kendall’s W for connections within the task positive
network (mean Kendall’s W; within-subject = 0.61 ± 0.10;
between-subject = 0.23 ± 0.01), within the default mode network
(mean Kendall’s W; within-subject = 0.67 ± 0.08; between-
subject = 0.18 ± 0.01), and between the 2 networks (mean
Kendall’sW; within-subject = 0.49 ± 0.09; between-subject = 0.07
± 0.02; Fig. 7b). A Wilcoxon signed rank test demonstrated that
within-subject connections within the default mode network
were significantly more consistent than connections within the
task positive network (P < 0.05), and connections within either
the default mode network or task positive network were
significantly more consistent than connections between the 2
networks (P < 0.0001).
Finally, we assessed the consistency of cluster solutions
computed on the basis of the group-level correlation matrices.
The 2 clusters derived from hierarchical clustering of group-
level correlation matrices of seed Set B were virtually identical
to the cingulo-parietal (default mode) and fronto-parietal (task
positive) clusters observed by Toro et al. (2008) (see Fig. S6).
Indeed, across all 3 scans, all regions were consistently assigned
to the appropriate cluster except for the DLPFC region that
demonstrated inconsistency in the subject-level analysis.
During scans 1 and 2, the DLPFC ROI was assigned to the
cingulo-parietal network, whereas in the Toro et al. (2008)
analyses and in scan 3, it was classified as a member of the
fronto-parietal network.
Voxelwise fcMRI
We performed voxelwise multiple regression analyses to
identify the networks of voxels positively and negatively
correlated with each of 3 seeds selected from seed Set B
(Toro et al. 2008): the PCC (–6 –58 28), SMA (–2 10 48), and IPS
(26 –58 48). These 3 ROIs were selected because they
represent core components of the commonly identified default
mode and task positive networks and had the largest number
of significant correlations with other regions within their
respective networks (i.e., they were ‘‘hubs,’’ see Table S2).
Z Statistics
Across scans, there was considerable overlap in the group-level
Z statistic maps of positive and negative connectivity for each
seed (Fig. 8d). For each network, voxelwise comparisons of
regression coefficient Z statistics across scans (i.e., Scan 1 vs.
Scan 2 and Scan 2 vs. Scan 3) also revealed a significantly high
positive correlation (Fig. 10). The high degree of cross-scan
stability in the patterns of positive and negative connectivity
associated with each seed (i.e., Z statistic maps) is also evident
even at the individual level (see Figs S4 and S5, respectively, for
2 representative participants).
Intraclass Correlation
Table 7 lists the top 12 peaks of connectivity for the positive
and negative networks associated with each seed, and the
corresponding Z statistics and mean and maximum ICC
(computed for a 10-mm-diameter sphere centered on the
corresponding peak voxel). As Figure 8 shows, the group-level
network for each seed (i.e., the pattern of functional
connectivity associated with the PCC, SMA, and IPS seeds)
demonstrated a substantial degree of test--retest reliability, as
reflected in the large proportion of suprathreshold (Z > 2.3)
voxels yielding ICC > 0.5 (see Table 7).
Figure 9 demonstrates that the proportion of suprathreshold
voxels with ICC > 0.5 increases with increasing group-level Z
statistic (i.e., for higher thresholds). Though inter- and intra-
session reliability were significantly positively correlated (Fig.
11a), intrasession reliability was significantly greater than
intersession reliability, for positive, negative and nonsignificant
correlations (Wilcoxon signed rank test; P < 0.0001)
Kendall’s Coefficient of Concordance
We calculated the intersession, intrasession, and multiscan
Kendall’s W, for each participant (Tables 8 and 9, Fig. 12). As in
the ROI-based analysis, consistency of voxelwise fcMRI was
Table 3
ROI-based analysis: within-subject Kendall’s W summary
Multiscan Intersession Intrasession Inter versus
intra
Set A
All 0.60 ± 0.05 0.70 ± 0.04 0.72 ± 0.05 0.04
Significant 0.77 ± 0.05 0.82 ± 0.05 0.85 ± 0.04 0.05
Nonsignificant 0.54 ± 0.05 0.64 ± 0.05 0.67 ± 0.06 0.03
Positive significant 0.65 ± 0.06 0.73 ± 0.06 0.76 ± 0.05 0.01
Negative significant 0.47 ± 0.13 0.61 ± 0.11 0.63 ± 0.09 0.38
Set B
All 0.65 ± 0.08 0.75 ± 0.07 0.74 ± 0.07 0.86
Significant 0.78 ± 0.08 0.85 ± 0.05 0.83 ± 0.07 0.21
Nonsignificant 0.53 ± 0.08 0.65 ± 0.08 0.66 ± 0.08 0.53
Positive significant 0.63 ± 0.07 0.72 ± 0.06 0.74 ± 0.08 0.34
Negative significant 0.49 ± 0.09 0.62 ± 0.08 0.62 ± 0.09 0.91
Set C
All 0.68 ± 0.05 0.76 ± 0.04 0.77 ± 0.04 0.67
Significant 0.83 ± 0.03 0.88 ± 0.03 0.88 ± 0.03 0.88
Nonsignificant 0.58 ± 0.06 0.68 ± 0.05 0.70 ± 0.05 0.19
Positive significant 0.70 ± 0.05 0.78 ± 0.04 0.78 ± 0.05 0.80
Negative significant 0.52 ± 0.09 0.66 ± 0.06 0.64 ± 0.09 0.26
Note: Summary of intraindividual consistency (within-subjects across scans). Listed are the mean
and standard deviation of intersession, intrasession, and multiscan Kendall’s W for 26
participants, for all, significant, nonsignificant, positive significant, and negative significant
correlations, for each seed set. The last column of each table indicates the P-value for the
comparison of inter- and intrasession Kendall’s W. Significant P-values (less than 0.01, corrected
for 5 comparisons for each seed set) are marked in italics.
Table 4
ROI-based analysis: between-subject Kendall’s W summary
Scan 1 Scan 2 Scan 3 Mean
Set A
All 0.25 0.24 0.23 0.24
Significant 0.48 0.47 0.43 0.46
Nonsignificant 0.13 0.15 0.13 0.14
Positive significant 0.21 0.24 0.22 0.22
Negative significant 0.05 0.13 0.12 0.10
Set B
All 0.41 0.38 0.31 0.36
Significant 0.66 0.59 0.54 0.60
Nonsignificant 0.20 0.22 0.14 0.19
Positive significant 0.16 0.20 0.21 0.19
Negative significant 0.07 0.10 0.06 0.07
Set C
All 0.41 0.40 0.40 0.41
Significant 0.70 0.67 0.68 0.68
Nonsignificant 0.24 0.25 0.25 0.25
Positive significant 0.41 0.39 0.40 0.40
Negative significant 0.15 0.16 0.14 0.15
Note: Summary of interindividual consistency (between-subjects within scans). Listed are the
interindividual Kendall’s W for each scan and mean interindividual Kendall’s W across scans for
all, significant, nonsignificant, positive significant, and negative significant correlations for each
seed set.
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between these networks. ROIs for these 2 networks were
derived from seed Set B, a task-based meta-analysis (Toro et al.
2008). In order to test the reproducibility of these functionally
distinct networks, we used hierarchical clustering and com-
pared the 2-cluster solutions that arose for each participant at
each scan session.
Across all 3 scan sessions, the 2 clusters elicited through
hierarchical clustering of each participant’s correlation matrix
were consistent with the fronto-parietal (task positive) and
cingulo-parietal (default mode) clusters observed by Toro et al.
(2008) (see Fig. S6). To quantify the consistency of a region’s
membership in a network, we recorded the proportion of
participants for whom that region was assigned to the same
cluster as in Toro et al. (2008) for each scan (‘‘percent
agreement’’). We observed high degrees of membership
agreement in both the task positive and the default mode
networks (Table 5). Only one region was not consistently
classified into either cluster: the right dorsolateral prefrontal
cortex (DLPFC) seed (mean agreement across 3 scans = 55%).
We examined the relationship between a region’s degree of
connectivity (i.e., the number of significant correlations
exhibited by a region, averaged across the 3 scans, see Table
S2) and its mean network membership consistency (i.e., percent
agreement, averaged across 3 scans, see Table 5). The degree of
connectivity and consistency of network membership were
strongly related (r = 0.78, P < 0.0001; see Fig. 6).
We also examined the reliability and consistency of
significant correlations for connections within and between
the 2 networks (Fig. 7). We examined connections 1) within the
task positive network, 2) within the default mode network, or 3)
between members of the task positive network and members of
the defaultmode network. First, to assess reliability, we compared
the multiscan ICCs for connections within the task positive
network (mean multiscan ICC = 0.25 ± 0.18), within the default
mode network (mean multiscan ICC = 0.32 ± 0.16), and
for between-network connections (mean multiscan ICC = 0.19
± 0.16; Fig. 7a). A Wilcoxon rank-sum test demonstrated that
connections within the default mode network were significantly
Figure 3. ROI-based analysis: correlation magnitude (functional connectivity) and reliability. The magnitude of each multiscan correlation (i.e., group-averaged correlation) plotted
against its corresponding multiscan ICC, for each seed set. Rug plots are shown on each axis representing the distribution of correlations and ICCs. Solid lines represent spline-
based nonparametric regression fits of the data and dotted lines represent the 95% confidence interval for the fit.
Figure 2. ROI-based analysis: factors effecting reliability. (a) Box plots of multiscan ICCs for significant and nonsignificant correlations, for each seed set. Dotted black lines
represent the mean ICC for those correlations. **P\ 0.001 and ***P\ 0.0001, statistically significant correlations greater than nonsignificant correlations (Wilcoxon signed-
rank test). (b) Box plots of multiscan ICCs for significant positive and significant negative correlations, for each seed set. Dotted black lines represent the mean ICC for those
correlations. **P\ 0.001 and ***P\ 0.0001, significant positive correlations greater than significant negative correlations (Wilcoxon signed-rank test).
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assessed in terms of 1) intraindividual consistency (i.e.,
concordance of sets of correlations within subjects across
scans) and 2) intraindividual consistency (i.e., concordance of
sets of correlations within scans across subjects).
Inter- and intrasession consistency. The intraindividual
consistency of voxelwise correlations across intersession
scans 1 and 2 and intrasession scans 2 and 3 ranged from
moderate to high ( >0.45). The difference between intra- and
Figure 4. ROI-based analysis: factors effecting consistency. (a) Within-subjects multiscan consistency (Kendall’s W) for 1) all correlations, 2) significant correlations, 3)
nonsignificant correlations, 4) significant positive correlations, and 5) significant negative correlations. Each data point represents an individual participant’s multiscan Kendall’s W.
Dotted black lines represent the mean Kendall’s W (i.e., averaged across 26 participants). (b) Box plots of between-subjects multiscan consistency (Kendall’s W) for correlations
from each seed set. Data points represent the between-subjects Kendall’s W for each of the 3 scans and dotted black lines represent the mean Kendall’s W (i.e., averaged across
3 scans).
Figure 5. ROI-based analysis: consistency of group-averaged functional connectivity across scans. (a) Intersession: group-averaged correlations for scan 1 are plotted against
group-averaged correlations for scan 2 for each seed set (data points represent r-values). Overlaid black lines represent linear regression fits of the data points and the r-values of
the fit represent Pearson correlations of the data points (all comparison, P\ 0.0001). (b) Intrasession: group-averaged correlations for scan 3 are plotted against group-averaged
correlations for Scan 2 for each seed set and Pearson correlations comparing the 2 scans were significant (P\ 0.0001) for all comparisons.
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intersession consistency for all correlations were not sig-
nificant (Wilcoxon signed rank test) for any of the 3 net-
works we examined, following correction for 5 comparisons
(i.e., P < 0.01).
Factors affecting consistency. Significant versus nonsignifi-
cant connections. Comparing intraindividual consistency of sets
of statistically significant or nonsignificant correlations (Table 8),
we found that significant correlations were significantly more
reliable than nonsignificant correlations for all 3 seed sets
(Wilcoxon signed rank test; P < 0.0001 for all seeds; Fig. 12a).
Interindividual consistency for sets of significant correlations
Table 5
ROI-based analysis: percent agreement of cluster solutions
Region Scan 1 Scan 2 Scan 3 Across scans
Task-positive network
IPS-L 92% 92% 77% 87%
IPS-R 88% 92% 77% 86%
vIPS-L 85% 81% 81% 82%
vIPS-R 85% 81% 81% 82%
FEF-L 85% 96% 73% 85%
FEF-R 85% 92% 69% 82%
IPCS-L 85% 85% 77% 82%
SMA/preSMA 88% 88% 88% 88%
DLPFC-R 58% 58% 50% 55%
vOC-L 92% 88% 58% 79%
vOC-R 81% 73% 69% 74%
alns-L 85% 88% 81% 85%
alns-R 85% 88% 69% 81%
alns-R2 85% 77% 73% 78%
vFEF-R 92% 88% 73% 85%
vOC-L2 73% 81% 69% 74%
Th-L 73% 73% 65% 71%
Mean 83% 84% 72% 80%
Default mode network
pCC1 88% 100% 96% 95%
pCC2 80% 88% 84% 84%
LPC-L 92% 92% 96% 93%
aCC1 92% 100% 88% 93%
aCC2 92% 92% 88% 91%
SFC-L 77% 96% 88% 87%
SFC-R 88% 92% 85% 88%
iTC-R 81% 77% 77% 78%
paraHipp-L 85% 77% 88% 83%
paraHipp-R 85% 69% 84% 79%
NuAc 92% 88% 92% 91%
Mean 87% 88% 88% 88%
Note: Brain regions from seed set B (Toro et al. 2008) are divided into 2 tables, depending on
whether or not that region was assigned to the task positive or default mode network, as per the
meta-analysis by Toro et al. (2008) For each region, percent agreement of that region’s network
membership across participants is listed for each scan and across all 3 scans. Network
membership was determined using hierarchical clustering with average linkage. Percent
agreement reflects the proportion of participants for whom that region was assigned to the same
cluster as in Toro et al. (2008), for each scan. Abbreviations: IPS, intraparietal sulcus; vIPS,
ventral IPS; FEF, frontal eye fields; iPCS, inferior precentral sulcus; SMA, supplementary motor
area and preSMA; dlPFC, dorsolateral prefrontal cortex; vOC, ventral occipital cortex; aIns, left
and right anterior insula; vFEF, ventral FEF; Th, thalamus; pCC, posterior cingulate cortex; LPC,
lateral parietal cortex; aCC, anterior cingulate cortex; SFC, superior frontal cortex; iTC, inferior
temporal cortex; paraHipp, para-hippocampus; NuAc, nucleus accumbens; iPL, inferior parietal
lobule.
Figure 6. ROI-based analysis: hub regions. We observed a significant relationship
(r 5 0.78, P\ 0.0001) between a region’s degree of connectivity and its mean
consistency of network membership for seed Set B (Toro et al. 2008). A region’s
degree of connectivity corresponds to the average number of significant correlations
exhibited by that region, across the 3 scans. A region’s consistency of network
membership corresponds to the proportion of participants for whom that region was
assigned to the same cluster as in Toro et al. (‘‘percent agreement’’).
Figure 7. ROI-based analysis: reliability and consistency of functional connectivity
within and between the default mode and task positive networks. (a) Bars represent
the mean (±SEM) multiscan ICC for significant correlations 1) within the default
mode network, 2) within the task positive network, and 3) between the 2 networks.
***P\ 0.0001, correlations within the default mode network were significantly more
reliable than correlations within the task positive network or correlations between the
2 networks (Wilcoxon rank-sum test). (b) Bars represent the mean (±SEM)
multiscan Kendall’s W for sets of significant correlations within-subjects, across
scans, 1) within the default mode network, 2) within the task positive network, and 3)
between the 2 networks. dP\ 0.05, sets of correlations within the default mode
network were significantly more consistent than sets of correlations within the task
positive network (Wilcoxon signed rank test). ***P \ 0.001, sets of correlations
within the default mode network and task positive network were more reliable than
sets of correlations between the 2 networks (Wilcoxon signed rank test).
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was moderate and was larger than the low consistency found
for nonsignificant correlations (Table 9, Fig. 12b).
Positive and negative connections. Restricting our analysis
to significant correlations, we examined differences in consis-
tency between positive and negative correlations (Table 8).
Within subjects, we found that positive correlations were
significantly more reliable than negative correlations for all 3
seed regions (Wilcoxon signed rank test; P < 0.0001 for all sets;
Fig. 12a). Between subjects, consistency for sets of positive
correlations was low, as was consistency for sets of negative
correlations (Table 9, Fig. 12b).
Intersession versus intrasession consistency. For all 3 seed
ROIs, there were no significant differences between inter- and
intrasession consistency (intraindividual) for all connections,
and for significant, nonsignificant and positive significant
connections (Wilcoxon signed rank test, P > 0.05; Table 8).
Group-level consistency.We also assessed the consistency of
network correlations for the group-level correlation map
associated with each seed ROI. Group-level correlations
exhibited high inter- and intrasession concordance (interses-
sion Kendall’s W PCC: 0.95, IPS Right: 0.92, SMA: 0.93;
intrasession Kendall’s W PCC: 0.95, IPS Right: 0.93, SMA: 0.92)
as well as high multiscan concordance (Kendall’s W PCC: 0.94,
IPS Right: 0.90, SMA: 0.90, see Fig. 10).
Reliability of the Default Mode/Task Positive Network
Anticorrelation
We quantified the test--retest reliability of the anticorrelation
(i.e., negative correlation) between the default mode and task
positive networks. These networks were defined, respectively,
as those voxels exhibiting significant (group-level) positive
(corresponding to the default mode network) and negative
(the task positive network) correlations with the PCC in the
combined (multiscan) analysis (depicted in Fig. 8c). Though
long-term intersession reliability was low (ICC = 0.21), intra-
and multiscan reliability of this anticorrelation was moderate
(ICC > 0.4). Furthermore, the reliability of the anticorrelation
increased with increasing Z statistic threshold values (though
intersession reliability declined again after Z = 6, Fig. 13).
Discussion
In the present study, we examined the test--retest reliability of
measures of resting-state fcMRI, within a single scan session
Figure 8. Voxelwise analyses: maps (‘‘networks’’) of positive (orange) and negative (cyan) functional connectivity. For each seed ROI, voxels exhibiting an ICC[ 0.5 are overlaid
in red (positive correlations) and blue (negative correlations). (a) Intersession ICC overlaid on intersession group-level connectivity map; (b) Intrasession ICC overlaid on
intrasession group-level connectivity map; and (c) multiscan ICC overlaid on multiscan group-level connectivity map. (d) Depicts the overlap among the 3 scans for the group-level
connectivity maps: yellow/green signifies voxels significantly positively/negatively correlated in only one scan; orange/cyan signifies voxels significantly positively/negatively
correlated in 2 scans; and red/blue signifies voxels significantly positively/negatively correlated in all 3 scans.
Table 6
Voxelwise analysis: ICC summary




PCC Positive 0.45 44%
Negative 0.36 25%
SMA Positive 0.28 23%
Negative 0.14 9%
Right IPS Positive 0.34 22%
Negative 0.13 5%
Intrasession ICC
PCC Positive 0.51 57%
Negative 0.31 23%
SMA Positive 0.33 34%
Negative 0.26 26%
Right IPS Positive 0.38 32%
Negative 0.17 8%
Multiscan ICC
PCC Positive 0.52 59%
Negative 0.36 29%
SMA Positive 0.36 36%
Negative 0.23 16%
Right IPS Positive 0.43 37%
Negative 0.20 8%
Note: Listed are the mean ICCs of all suprathreshold (Z[ 2.3) voxels and the proportion of
suprathreshold (Z[ 2.3) voxels yielding ICC[ 0.5 for positively or negatively correlated regions
with 3 seed ROIs (PCC, SMA, and Right IPS).
Cerebral Cortex Page 11 of 21
170

(short-term/intrasession), across 2 scan sessions separated by
at least 5 months (long-term/intrasession), and across all 3
scans (multiscan). Using several methods to quantify reliability,
and using both seed-ROI--based and voxel-wise analytic
approaches to quantify fcMRI, we observed that the test--retest
reliability of resting-state fcMRI ranged from minimal to robust,
Figure 9. Voxelwise analysis: comparison of reliability and increasing threshold values. (a) Bars represent the number of voxels that were significantly positively correlated with
a seed region (Z[ 2.3, i.e., suprathreshold voxels) and highly reliable (ICC[ 0.5), expressed as a percentage of all suprathreshold voxels. Percent overlap is calculated for
intersession, intrasession, and multiscan measures and for each seed region (PCC, SMA, and IPS right). At higher thresholds, a higher percentage of suprathreshold voxels are
also highly reliable. (b) Bars represent the number of voxels that were significantly negatively correlated with a seed region (Z\2.3) and highly reliable (ICC[0.5). There is no
effect of threshold on the proportion of reliable negative correlations.
Figure 10. Voxelwise analysis: consistency of group-level functional connectivity across scans. (a) Scatter plots of intersession consistency (scan 1 vs. scan 2) of group-level
voxelwise fcMRI for each seed region (data points represent group-level regression parameter Z-statistics). Overlaid black lines represent linear regression fits for the data points
and the r-values of the fit represent Pearson correlations (all comparisons, P\ 0.0001). (b) Scatter plots of intrasession consistency (scan 2 vs. scan 3) of group-level fcMRI for
each seed region and Pearson correlations comparing the 2 scans was significant (P\ 0.0001) for all comparisons.
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depending on at least 3 factors. These include 1) statistical
significance: significant correlations (i.e., at the group level) for
a given scan exhibited greater test--retest reliability than those
that were nonsignificant; 2) valence: significant positive
correlations exhibited greater reliability than significant nega-
tive correlations; and 3) network membership: regions within
the default mode network were more reliably correlated with
one another than were regions within the task positive
network. These findings provide an initial quantitative basis
for continued use of resting-state fcMRI to identify the neural
substrates of interindividual differences in behavioral traits or
psychopathology, as a result of experimental manipulations
(e.g., task, state, or pharmacological), or development.
Significant Correlations Demonstrated the Highest Test--
Retest Reliabilities
Correlations that were statistically significant across partici-
pants for a given scan session (i.e., at the group level) exhibited
the highest degree of test--retest reliability (ICC > 0.5). This
was true for both the ROI-based and voxelwise analyses. Figure
9 demonstrates this most clearly: for the PCC and SMA seeds,
over 50% of voxels that exhibited positive connectivity with
the seed ROI at Z statistic thresholds greater than Z = 5 also
demonstrated ICCs > 0.5. That percentage was even greater for
higher thresholds and for intra- and multiscan reliability.
That the regions exhibiting statistically significant correla-
tions also exhibit the highest degree of test--retest reliability
should not be surprising. Nevertheless, this result bolsters the
emerging overarching notion that measures of fcMRI reflect
fundamental organizational properties of the brain. The
correlations that were statistically significant and highly reliable
in the present study were those typically observed to be
coactive during task-based studies, or part of the same ICN in
other resting state fcMRI studies. For example, we observed
highly reliable (ICC > 0.5) correlations between regions of
lateral PFC (e.g., frontal eye fields, DLPFC) and regions of the
inferior parietal lobe (IPL) (see Table 2). Lateral frontal and
lateral parietal cortices have been observed to be coactive in
hundreds of task-based studies (Toro et al. 2008), and are
commonly identified as part of the task positive network,
observed in resting state fcMRI studies (Damoiseaux et al. 2006;
Fox et al. 2005; Fransson 2005; Van Den Heuvel et al. 2008).
Similarly, Figure 8 demonstrates high levels of ICC across
multiple core regions (e.g., medial prefrontal cortex, medial
temporal lobe, posterior cingulate, and lateral temporoparietal
cortex) of the default mode network. Statistical significance of
an fcMRI measure at the group level is interpreted as reflecting
a meaningful functional relationship between regions (Friston
1994). The present results support such an interpretation by
demonstrating that such significant correlations are also
reliable across time.
Reliability of Negative Correlations
Consistent with the suggestion that negative correlations may
exhibit lower stability than positive correlations (Tian et al.
2007), we observed lower test--retest reliability for negative
correlations in both region-based and voxelwise analyses.
Negative correlations have been noted to occur between
networks that appear to be functionally distinct (Fox et al.
2005; Fransson 2005; Kelly, Uddin, et al. 2008). The lower test--
retest reliability exhibited by negative correlations suggests
that relationships between functional networks are more
dynamic than positive correlations within networks. Indeed,
our results indicate that correlations between regions within
either the default mode or task positive networks (within-
network correlations) were significantly more reliable than the
cross-network negative correlations (Fig. 7).
Figure 11. Voxelwise analysis: inter- and intrasession reliability and consistency. (a) Intersession (scans 1 and 2) test--retest reliability (ICC) plotted against intrasession (Scans 2
and 3) ICC, for each seed region. (b) Intersession consistency (Kendall’s W) plotted against intrasession consistency for each seed region.




Voxelwise analysis: Significant and Reliable Functional Connectivity
Seed ROI BA X Y Z Z-Score Multi-Scan Inter-Session Intra-Session
Mean Max Mean Max Mean Max
PCC POSITIVE CONNECTIVITY
L PCC 29/30 6 58 28 12.1 0.65 0.80 0.61 0.82 0.64 0.77
L vmPFC 10/11 6 -54 -4 7.7 0.54 0.64 0.37 0.58 0.65 0.81
L ITG 21 64 12 18 7.6 0.69 0.84 0.55 0.82 0.61 0.75
R MFG 11 -4 -38 -18 7.6 0.50 0.68 0.49 0.75 0.43 0.69
L precuneus 19 38 80 36 7.4 0.54 0.67 0.36 0.57 0.41 0.64
L medial PFC 9 8 48 34 7.3 0.07 0.66 0.22 0.60 0.01 0.69
R medial PFC 9/10 12 58 12 6.9 0.55 0.69 0.43 0.67 0.61 0.78
R ITG 21 62 8 22 6.8 0.57 0.65 0.50 0.68 0.57 0.74
R MFG 8 24 24 44 6.7 0.65 0.79 0.57 0.80 0.67 0.77
R MTG 48 62 26 6.5 0.79 0.87 0.71 0.86 0.74 0.90
L lingual gyrus 18 10 56 4 6.5 0.48 0.69 0.61 0.77 0.26 0.62
L SFG 6 20 28 38 6.5 0.64 0.78 0.51 0.77 0.64 0.79
PCC Negative Connectivity
L anterior insula 38 2 2 7.3 0.33 0.60 0.25 0.62 0.29 0.56
R anterior insula 40 2 4 7.2 0.41 0.73 0.42 0.76 0.36 0.73
R precentral gyrus 6 58 10 2 7.2 0.75 0.83 0.71 0.77 0.69 0.78
BL SMA/preSMA 2 6 48 7.0 0.42 0.59 0.39 0.68 0.50 0.78
L IPL 62 30 22 7.0 0.51 0.73 0.52 0.71 0.41 0.73
R SFG 6 20 4 62 7.0 0.07 0.48 0.13 0.40 0.01 0.56
R AG 39 62 36 34 6.6 0.57 0.72 0.52 0.75 0.52 0.64
L MOG 19 54 66 10 6.6 0.64 0.72 0.42 0.58 0.58 0.66
R IFG 45 46 42 6 6.5 0.62 0.72 0.55 0.68 0.58 0.72
R precentral gyrus 6 48 0 38 -6.5 0.50 0.68 0.39 0.68 0.45 0.64
L precentral gyrus 6 58 2 8 6.4 0.49 0.72 0.36 0.59 0.59 0.73
L MFG 46 38 40 22 6.4 0.49 0.65 0.40 0.64 0.53 0.75
SMA Positive Connectivity
BL SMA 2 10 46 12.2 0.68 0.78 0.58 0.73 0.68 0.83
L anterior insula 32 20 0 7.4 0.44 0.68 0.33 0.58 0.41 0.58
L SFG 6 16 2 66 6.8 0.56 0.64 0.46 0.56 0.43 0.64
R thalamus 8 2 8 6.8 0.44 0.56 0.32 0.50 0.48 0.67
L MFG 46 40 40 20 6.8 0.22 0.46 0.16 0.42 0.06 0.42
R anterior insula 34 22 2 6.6 0.07 0.65 0.32 0.53 0.01 0.76
L ACC 24 10 24 24 6.3 0.42 0.73 0.28 0.64 0.39 0.66
R SFG 6 22 0 62 6.3 0.50 0.65 0.39 0.59 0.57 0.74
L precentral gyrus 6 40 6 46 6.0 0.53 0.73 0.34 0.61 0.57 0.78
R precentral gyrus 6 44 4 36 6.0 0.64 0.77 0.57 0.74 0.65 0.78
L IPL 56 42 42 5.9 0.43 0.57 0.19 0.42 0.38 0.64
L caudate/putamen 16 6 2 5.7 0.25 0.37 0.23 0.61 0.16 0.60
SMA Negative Connectivity
L precuneus 7 4 62 34 6.9 0.44 0.62 0.42 0.74 0.43 0.54
L cerebellum 22 84 32 6.4 0.19 0.29 0.12 0.31 0.14 0.38
L ITG 20 62 10 20 5.9 0.46 0.57 0.29 0.52 0.50 0.63
R cerebellum 20 84 30 5.8 0.23 0.37 0.19 0.54 0.30 0.62
L PCC 30 18 56 18 5.8 0.03 0.38 0.18 0.41 0.04 0.35
BL subgenual cingulate 25 0 18 12 5.7 0.07 0.42 0.08 0.17 0.01 0.46
R PCC 29 4 52 12 5.7 0.45 0.60 0.08 0.39 0.45 0.56
R medial PFC 10 4 62 8 5.5 0.31 0.48 0.22 0.42 0.37 0.63
R vmPFC 11 8 44 16 5.5 0.35 0.49 0.07 0.24 0.51 0.65
R PhG 24 26 20 5.4 0.19 0.45 0.01 0.43 0.03 0.40
R STG/AG 39 54 60 28 5.2 0.59 0.75 0.47 0.63 0.49 0.71
L PhG 22 24 18 5.2 0.16 0.44 0.19 0.43 0.19 0.38
IPS Positive Connectivity
R IPS 26 58 48 12.3 0.55 0.66 0.31 0.56 0.51 0.66
L IPS 22 78 32 7.9 0.54 0.74 0.34 0.63 0.43 0.63
L IPS 24 66 50 7.2 0.48 0.76 0.30 0.67 0.49 0.75
R precuneus 7 24 80 38 7.1 0.47 0.72 0.53 0.72 0.32 0.55
R fusiform gyrus 37 52 60 16 7.0 0.46 0.65 0.41 0.66 0.32 0.60
L IPS 32 46 44 6.8 0.07 0.75 0.54 0.72 0.01 0.73
R MOG 1 34 80 16 6.8 0.44 0.64 0.41 0.59 0.32 0.68
L MOG 19 48 70 10 6.7 0.48 0.63 0.33 0.51 0.40 0.66
L MOG 18/19 34 76 14 6.2 0.40 0.62 0.20 0.55 0.46 0.71
R SFG 6 22 2 50 6.1 0.33 0.58 0.34 0.70 0.16 0.50
R fusiform gyrus 19 22 72 16 6.1 0.49 0.61 0.29 0.56 0.44 0.60
R IPL 40 40 42 56 6.1 0.15 0.46 0.24 0.54 0.17 0.56
IPS Negative Connectivity
R medial PFC 10 2 56 2 7.6 0.11 0.41 0.04 0.27 0.02 0.30
BL rostral ACC 32 2 42 18 7.5 0.16 0.39 0.06 0.26 0.28 0.48
L subgenual ACC 32 6 36 8 6.8 0.37 0.52 0.17 0.48 0.28 0.65
L STG/AG 39 52 58 22 6.3 0.36 0.59 0.23 0.49 0.51 0.82
L ITG 20 56 16 26 6.3 0.36 0.54 0.15 0.41 0.37 0.58
L caudate/putamen 12 2 10 6.2 0.07 0.28 0.13 0.49 0.01 0.35
L SFG 10 20 60 12 5.8 0.33 0.49 0.10 0.30 0.35 0.59
L PCC 29/30 6 54 28 5.8 0.31 0.50 0.15 0.43 0.19 0.45
L precuneus 7 38 80 36 5.7 0.43 0.60 0.32 0.60 0.32 0.53
L SFG 8 22 28 44 5.6 0.54 0.66 0.43 0.64 0.44 0.71
L PhG 30 32 12 5.6 0.06 0.33 0.03 0.18 0.24 0.53
R STG/AG 39 56 60 24 5.6 0.17 0.52 0.26 0.49 0.18 0.57
Note: Listed are the top twelve peaks of connectivity for the positive and negative networks associated with each seed ROI (PCC, SMA, or Right IPS), the corresponding peak Z score and mean and
maximum ICC (computed for a 10mm diameter sphere centered on the corresponding peak voxel). Z score values represent multi-scan functional connectivity calculated from a mixed-effects model
subsequent to fixed-effects analysis for each participant combining scans 1, 2, and 3. Abbreviations: ACC, anterior cingulate cortex; AG, angular gyrus; BL, bilateral; IFG, inferior frontal gyrus; IPL, inferior
parietal lobule; IPS, intraparietal sulcus; ITG, inferior temporal gyrus; L, left; MFG, middle frontal gyrus; MOG, middle occipital gyrus; PCC, posterior cingulate cortex; PFC, prefrontal cortex; PhG,
parahippocampal gyrus; R, right; SFG, superior frontal gyrus; SMA, supplementary motor area; STG, superior temporal gyrus; vmPFC, ventral medial prefrontal cortex.
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It is important to acknowledge that the ability to detect
negative correlations is influenced by correction for the global
BOLD signal, a common step in resting fcMRI studies. Although
some studies question the use of global signal correction
(Aguirre et al. 1998; Birn et al. 2008; Murphy et al., forthcom-
ing) and the validity of negative correlations (Skudlarski et al.
2008), others studies suggest global signal correction as
a reasonable alternative to direct measurement and subsequent
removal of physiological cardiac and respiratory signals (Fox
et al. 2005; Birn et al. 2006; Hampson et al. 2006). Two previous
resting fcMRI studies found a reduction in the strength of
negative, but not positive, correlations when global normaliza-
tion was not performed, although the spatial pattern of both
positive and negative correlations was retained with and
without global normalization (Fransson 2005; Uddin et al. 2008).
In our study, negative correlations between ROIs and
anticorrelations between networks exhibited several proper-
ties that would encourage confidence in their reliability. First,
several significant negative correlations (e.g., between PCC
and PFC, see Tables 2 and 7; between PCC and PFC and
anterior cingulate cortex (ACC), Fig. 8) exhibited high
reliability (ICC > 0.6). Second, when we plotted the ICC of
the voxelwise anticorrelation between the default mode and
task positive networks against a range of threshold levels
(Fig. 13), we observed that the ICC of the anticorrelation
generally increased with increasing threshold values. This
suggests that reliability is highest for anticorrelations between
voxels that are most strongly positively and negatively
correlated with the PCC. Although further work aimed at
understanding the impact of global signal correction on fcMRI
measures, and the underlying neurophysiological basis of
negative correlations is clearly warranted, our findings
support further examinations of interindividual differences
in negative functional connectivity.
Of note, we found that the test--retest reliability of a voxel’s
negative connection to the PCC (a core component of the
default mode network) is directly related to the reliability of the
same voxel’s positive connection with the SMA (a core node of
the task positive network) (see Fig. S7). This finding suggests
that the more reliably a voxel is a member of one network,
the more reliably it is segregated from another (as indicated by
the anticorrelation). In other words, the test--retest reliability
of an anticorrelation is dependent on the reliability of positive
connections within each of the 2 relevant networks. Recent
work by our lab suggests that this observation is indicative of
a more general property of ICNs and their anticorrelations.
In a recent resting state study of dorsal ACC (dACC) functional
connectivity in an adult Attention-Deficit Hyperactivity Disorder
(ADHD) sample, the same precuneus region that exhibited
ADHD-related decreases in negative connectivity with the dACC
also exhibited decreases in positive connectivity with the
ventromedial PFC, which is part of the same network as the
precuneus (i.e., the default mode network). Thus a reduction in
the integrity of the negative relationship between a default mode
subregion (i.e., the precuneus) and its anticorrelated ‘‘task
positive’’ network may be accompanied by decreases in its
positive connectivity with other default mode components.
Hence, we believe future work will continue to benefit from
consideration of both positive and negative connectivity
associated with a given region of interest.
Consistency of Correlation Matrices
We observed an impressively high degree of cross-session
consistency for larger-scale patterns of correlations observed
across individuals. Specifically, multiscan analyses using
Kendall’s W demonstrated that concordance was highest
when both positive and negative correlations for each subject
were compared across scans, rather than cross-scan compar-
isons that were limited to positive correlations. This was true
for both the ROI-based (Tables 3 and 4; Fig. 4) and voxelwise
analyses (Tables 8 and 9, Fig. 12). This observation further
supports the value of taking into account patterns of negative
functional connectivity in the brain, rather than limiting the
scope of analyses to positive correlations.
Table 8
Voxelwise analysis: within-subject Kendall’s W summary
Multiscan Intersession Intrasession Inter versus
intra
PCC
All 0.68 ± 0.067 0.77 ± 0.051 0.77 ± 0.063 0.88
Significant 0.74 ± 0.071 0.82 ± 0.052 0.82 ± 0.063 0.98
Nonsignificant 0.53 ± 0.049 0.65 ± 0.046 0.66 ± 0.061 0.53
Positive significant 0.74 ± 0.06 0.81 ± 0.045 0.82 ± 0.062 0.12
Negative significant 0.58 ± 0.081 0.71 ± 0.056 0.70 ± 0.086 0.71
SMA
All 0.59 ± 0.076 0.69 ± 0.072 0.71 ± 0.07 0.13
Significant 0.67 ± 0.082 0.75 ± 0.071 0.76 ± 0.076 0.62
Nonsignificant 0.50 ± 0.076 0.62 ± 0.075 0.66 ± 0.073 0.03
Positive significant 0.60 ± 0.076 0.70 ± 0.071 0.72 ± 0.078 0.18
Negative significant 0.54 ± 0.11 0.65 ± 0.1 0.69 ± 0.11 0.28
Right IPS
All 0.57 ± 0.081 0.68 ± 0.069 0.69 ± 0.069 0.60
Significant 0.66 ± 0.088 0.75 ± 0.073 0.75 ± 0.071 0.88
Nonsignificant 0.45 ± 0.079 0.59 ± 0.072 0.61 ± 0.082 0.33
Positive significant 0.62 ± 0.096 0.71 ± 0.071 0.73 ± 0.092 0.35
Negative significant 0.48 ± 0.094 0.61 ± 0.086 0.61 ± 0.099 0.98
Note: Summary of intraindividual consistency (within-subjects across scans). Listed are the mean
and standard deviation of intersession, intrasession, and multiscan Kendall’s W from 26
participants for all, significant, nonsignificant, positive significant, and negative significant
correlations for each seed ROI. The last column of each table indicates the P-value for the
comparison of inter- and intrasession Kendall’s W. Significant P-values (less than 0.01,
corrected for 5 comparisons for each seed set) are marked in red.
Table 9
Voxelwise analysis: between-subject Kendall’s W summary
Scan 1 Scan 2 Scan 3 Mean
PCC
All 0.34 0.35 0.35 0.35
Significant 0.45 0.47 0.47 0.46
Nonsignificant 0.06 0.06 0.06 0.06
Positive significant 0.33 0.35 0.35 0.34
Negative significant 0.14 0.16 0.14 0.15
SMA
All 0.22 0.20 0.18 0.20
Significant 0.37 0.32 0.30 0.33
Nonsignificant 0.06 0.05 0.05 0.05
Positive significant 0.17 0.15 0.15 0.16
Negative significant 0.13 0.15 0.10 0.13
Right IPS
All 0.25 0.27 0.21 0.24
Significant 0.40 0.43 0.32 0.38
Nonsignificant 0.05 0.06 0.05 0.05
Positive significant 0.20 0.20 0.18 0.19
Negative significant 0.14 0.14 0.09 0.13
Note: Summary of interindividual consistency (between-subjects within scans). Listed are the
interindividual Kendall’s W for each scan and mean interindividual Kendall’s W across scans for
all, significant, nonsignificant, positive significant, and negative significant correlations for each
seed ROI.
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Overall, the high consistency for the large-scale pattern of
correlations suggests that, rather than focusing on a limited
number of specific inter-regional connections, a promising
avenue for future research using ROI-based approaches is the
examination of interindividual differences in the broader pattern
of functional connections (i.e., the entire correlation matrix).
Consistency of Clustering
Application of hierarchical clustering for network identifica-
tion across the 3 scans provided direct evidence of the utility of
examining the default mode (‘‘task-negative’’) network and its
negatively correlated ‘‘task positive’’ counterpart, 2 of the most
commonly studied networks in the current resting state
literature (Fox and Raichle 2007). Group-level clustering
analyses revealed near-identical assignment of regions to one
or the other of these networks across sessions (see Fig. S6).
Moreover, the pattern of assignment observed was identical
(with only one exception, discussed below) to that revealed by
the largest meta-analysis of patterns of task-evoked coactivation
to date (Toro et al. 2008). Finally, when clustering analyses
were performed for each participant individually, rather than at
the group level, a similarly high degree of agreement was noted
both across participants and across sessions (see Table 5).
When we examined the specific regions that were assigned
to one network or the other with the greatest consistency
(over 90%), we found that they correspond to ‘‘hubs’’ (i.e.,
those regions with the greatest number of significant correla-
tions, see Fig. 6 and Table S2). Some of these same regions have
previously been identified as hubs in other resting-state fcMRI
studies (Achard et al. 2006; Fransson and Marrelec 2008;
Hagmann et al. 2008), and form key components of regulatory
systems in human brain (Dosenbach et al. 2006; Achard and
Bullmore 2007; Fair et al. 2007; Sridharan et al. 2008).
Furthermore, regions of the lateral and medial parietal lobes
were recently identified as structural hubs on the basis of their
structural connectivity profile, as identified with diffusion
spectrum imaging (Hagmann et al. 2007; Hagmann et al.
2008), diffusion tensor imaging (Gong et al. 2008), and cortical
thickness measures (He, Chen, et al. 2007; Chen et al. 2008). As
we have already noted, these hubs correspond to those regions
typically observed to be coactive during task-based studies
Figure 12. Voxelwise analysis: factors effecting consistency. (a) Plots of within-subjects multiscan consistency (Kendall’s W) of correlations (voxelwise regression parameter
estimates) for each seed. Shown are box plots representing consistency of 1) all correlations, 2) significant correlations, 3) nonsignificant correlations, 4) significant positive
correlations, and 5) significant negative correlations. Each data point represents an individual participant’s multiscan Kendall’s W. Dotted black lines represent the mean Kendall’s
W (i.e., averaged across 26 participants). (b) Plots of between-subjects multiscan consistency (Kendall’s W) for correlations (voxelwise beta parameter estimates) from each
seed set. Data points represent the between-subjects Kendall’s W for each of the 3 scans and dotted black lines represent the mean Kendall’s W (i.e., averaged across 3 scans).
Figure 13. Voxelwise analysis: test--retest reliability of the default mode/task
positive anticorrelation. ICC for the anticorrelation between the default mode and task
positive networks increases with increasing Z statistic threshold values (beyond Z 5
6, there was not a sufficient number of negatively correlated voxels). Mean
intrasession and multiscan ICC increased over the full range of Z-statistic thresholds
while mean intersession ICC increased up to Z 5 4.8.
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(Toro et al. 2008), or as part of the same ICN in resting state
fcMRI studies (Fox et al. 2005; Fransson 2005; Damoiseaux et al.
2006; Van Den Heuvel et al. 2008). The robustness with which
these areas appear connected across multiple studies, and their
high test--retest reliability, highlight their particular importance
in the quest to identify interindividual or group differences in
functional connectivity. Consistent with this suggestion, several
recent studies have observed interindividual and group differ-
ences in connectivity in regions such as the precuneus and
posterior cingulate cortex (Andrews-Hanna et al. 2007; Castel-
lanos et al. 2008; Kelly, Di Martino, et al. 2008).
Correlations between regions within the task-negative (de-
fault mode) network exhibited significantly greater reliability
than correlations between regions within the task positive
network. This finding is consistent with the observation that
the strongest spontaneous low-frequency fluctuations and the
highest metabolic activity at rest are observed within the default
mode network (Raichle et al. 2001; Zou et al. 2008). Similarly,
task-related suppression of default mode network activity has
been observed ubiquitously across diverse tasks (Shulman et al.
1997; Mazoyer et al. 2001; Fransson 2006). In contrast, the task
positive network is likely composed of a number of distinct
functional systems (Dosenbach et al. 2006; Seeley et al. 2007).
This functional heterogeneity may contribute to the task
positive network’s lower overall reliability.
In our cluster analysis, we observed that the cluster-
membership agreement of the DLPFC, a component of the
task positive network, was particularly low (the agreement of
its assignment with that of Toro et al. (2008) was ~55%, across
all 3 scans). Furthermore, this DLPFC region was also the only
region that at the group level failed to demonstrate the same
pattern of cluster assignment observed by Toro et al. (2008),
instead appearing as a member of the task-negative network.
Voxelwise, ICA, and N-cut clustering approaches have found
that this same region is separable from other regions in the task
positive network (e.g., SMA and dACC) and that it is part of
a distinct lateralized fronto-parietal network commonly ob-
served in attentional and memory processing studies
(Damoiseaux et al. 2006; Seeley et al. 2007; Van Den Heuvel
et al. 2008). Furthermore, our DLPFC ROI is close to a region of
PFC which, in 2 previous studies (Fox et al. 2006; He, Snyder,
et al. 2007), appeared to belong to 2 different functional
networks—the dorsal and ventral attention systems—and was
hypothesized to serve as a locus of interaction between these
2 networks. Taken together, these observations support the
idea that there may be a greater degree of functional
independence between components of the task positive
network, which may in turn result in lower reliability.
These observations may suggest that the task-negative/task-
positive dichotomy simplifies the functional architecture of
the brain, which is composed of a myriad of functional
networks. Despite the dynamics within each of the 2 networks
in particular within the task-positive network, both of these
superordinate networks demonstrate substantial coherence
across participants and scans. Accordingly, we recommend
attending to multiple levels of analysis that will compromise
both superordinate networks such as the task-positive network
as well as subcomponents such as the salience network (Seeley
et al. 2007) depending on the questions being addressed.
Voxelwise fcMRI
The analysis of functional connectivity between sets of a priori
ROIs represents one fruitful approach to the study of fcMRI
(Achard et al. 2006; Dosenbach et al. 2007; Fair et al. 2007;
Fransson and Marrelec 2008). An alternative model-based
analysis is to examine seed-based connectivity on a voxelwise
basis, which permits the examination of a wider possible range
of functional connections. We examined the reliability of the
patterns of positive and negative voxelwise connectivity
associated with 3 seed regions, located in the PCC, right IPS,
and SMA. These 3 ROIs were selected because they represent
core components of the default mode and task positive
networks, and because we found that they constituted hubs
of connectivity (i.e., they were significantly correlated with
a large number of other regions in their respective networks;
see Table S2). Figure 8 illustrates the striking overlap between
voxels exhibiting significant positive and negative correlations
with each of the 3 seeds we examined, and those exhibiting the
highest reliability (ICC > 0.5). Although the stability of the ICNs
observed across multiple studies has been intuitive to many,
the findings we have presented, most clearly illustrated by
Figure 8, provide a solid basis for continued confidence in the
utility of resting state fcMRI studies.
Figure 14. Voxelwise analysis: range of (a) Intersession ICCs; (b) intrasession ICCs; (c) multiscan ICCs. Maps of voxelwise reliability (ICC[ 0.5) for suprathreshold (Z[ 2.3)
voxels that were positively (yellow--red) and negatively (cyan--blue) correlated with each seed ROI.
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Inter- versus Intra- and Multiscan Reliabilities
It is notable that intersession reliability ( >5 months between
scans) was somewhat lower than intrasession reliability ( <1 h
between scans). That intersession reliability was lower than
intrasession reliability suggests that measures of fcMRI are
dynamic, and may be subject to modulations related to an
individual’s current state, a suggestion that is consistent with
previous findings (Harrison, Pujol, Ortiz, et al. 2008; Waites
et al. 2005). On the other hand, we found that intra-, inter- and
multiscan reliability increased with increasing Z statistic
threshold values (Figs 9 and 13), suggesting that long-term
reliability is highest for correlations between voxels that are
most strongly positively or negatively correlated with the seed
ROI.
Previous studies have demonstrated that even structural
measures are subject to change over time, albeit as the result of
the acquisition of a new skill (Draganski et al. 2004; Ilg et al.
2008). We have recently shown that measures of functional
connectivity may provide an index of brain changes associated
with typical development (Kelly, Di Martino, et al. 2008). The
quantification of longitudinal changes in resting state fcMRI,
and how they relate to underlying changes in brain structure
represents a crucial next step in our understanding of the long-
term stability of functional connectivity measures. Of course,
a myriad of other factors relating to scanner characteristics
could also have contributed to greater variation between fcMRI
measures across several months by contrast to measures
obtained within the same scan session. Given the substantial
intersession intervals (up to 16 months), we interpret the
corresponding reliability indices as a reasonable estimate of the
lower bound of such long-term stability. Beyond this extended
interval it is reasonable to assume that changes at the level of
the neuronal architecture, associated with factors such as
development, aging or learning, would be associated with
changes in patterns of fcMRI, thus substantially reducing
reliability.
Implications
Establishing the test-retest reliability of resting-state fcMRI
measures is crucial to the interpretation and validation of
studies examining interindividual and group differences in
functional connectivity. Several recent studies observed differ-
ences in resting-state functional connectivity that were related
to behavioral performance (Hampson et al. 2006; Kelly, Uddin,
et al. 2008; Seeley et al. 2007) and clinical diagnosis (see
Greicius 2008, for review). Other studies have observed
differences in measures of fcMRI following pharmacological
intervention (e.g., Achard and Bullmore 2007) and mood-
induction (Harrison, Pujol, Ortiz, et al. 2008). Not only do our
findings support the interpretation of these findings as
reflecting meaningful interindividual and group differences,
but they also highlight specific brain regions that appear to
exhibit particularly stable interindividual differences. As
discussed above, these regions have been identified as
constituting the brain’s structural and functional hubs, and
include regions such as the precuneus and posterior cingulate
cortex.
The consistency between the networks identified in pre-
vious functional and structural studies of the brain and those
identified in the present study also provides further support for
the idea that measures of resting state fcMRI reflect aspects of
the intrinsic functional organization of the brain. In particular,
our data suggest that the default mode and task positive
networks are particularly robust, and therefore likely to
provide a veridical reflection of underlying neural architecture.
Limitations
A variety of analytical decisions were made in the present work,
and represent parameters that vary widely across labs.
Noteworthy examples include 1) the spherical definition of
ROIs (radius or geometric form employed can vary), 2) use of
parcellation units (the specific method of parcellation can vary,
or the set of parcellation units adopted), 3) global signal
correction (means of correction may vary), and 4) choice of
spatial and temporal filtering bands. Similarly, studies vary in
the specific imaging parameters adopted (field strength, TR,
voxel size, scan duration). Although these factors can clearly
impact measures of fcMRI, and merit further examination, we
believe the general principles and findings demonstrated in the
present work will generalize across the various approaches.
In the present study, we adopted the ICC to quantify
reliability, primarily due to its widespread usage in a variety of
literatures. ICC is not without limitations, however. Because it
provides a ratio of within-subject to between-subject variabil-
ity, for a measure to be reliable, within-subject variability must
be low relative to between-subject variability. However,
numerous studies suggest that measures of fcMRI are highly
consistent across subjects, rendering between-subject var-
iability low. Consequently, reliability as quantified with ICC
may be low for some portion of functional connections that are
highly stable, because both within- and between-subject
variability are low. In recognition of this potential limitation,
we employed additional measures of cross-scan consistency,
such as Kendall’s coefficient of concordance. These measures
supported the high degree of consistency across participants
and scans.
Future Directions
Our assessment of the test--retest reliability of measures of
resting state fcMRI has been necessarily selective in the specific
measures obtained and regions examined. Nonetheless, by
including ROIs from 3 different studies (Dosenbach et al. 2007;
Kennedy et al. 1998; Makris et al. 1999; Toro et al. 2008), and
examining correlations on a voxelwise level, we believe that we
have provided an initial comprehensive assessment of the most
commonly employed model-based fcMRI method in the field.
Model-free analyses, such as independent component analysis
(ICA), represent an alternative approach to identifying ICNs in
resting state data. Although several groups have already
examined the qualitative reproducibility of networks identified
using ICA and other model-free approaches (Damoiseaux et al.
2006), future work will determine the test--retest reliability of
these measures.
We acquired our functional data while participants rested
with their eyes open. Previous studies have asserted that
resting state data acquired under either eyes-open or eyes-
closed conditions are highly similar (Fox et al. 2005; Fransson
2005), though this similarity has not been quantified. Thus,
systematic quantitative differences may exist between these 2
resting state conditions. In particular, individuals in the eyes-
closed state may fall asleep during resting state scans, which
may affect fcMRI measures (Fukunaga et al. 2006, 2008). Future
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studies should aim to quantify the effects of state, such as sleep,
on test--retest reliability.
Although each scan acquired for the present study com-
prised a single 6.5-min run of resting state data, significant
variation exists across laboratories with respect to the duration
and/or number of scans obtained. Such variation can clearly
impact the reliability of resting state measures obtained, and
should be considered in the design of any study. Supplementary
analyses (see Supporting Information and Fig. S8 and Table S3)
demonstrate the significant increase in reliability and consis-
tency of functional connectivity following averaging across 2
resting state scans for each participant. Future work may focus
on other factors to increase reliability and consistency,
including more rigorous examinations of the effects of
increasing the duration and/or number of scans included in
a session.
The goal of our present study was to establish the stability of
coherent BOLD fluctuations at rest. However, examining the
dynamics of correlated activity is equally important in un-
derstanding the relevance of such functional correlations to
behavior in both health and disease. Future research may seek
to examine the dynamics of correlated spontaneous and task-
related activity in ICNs. To date, this approach has been
exemplified by studies utilizing psychophysiological interac-
tion (PPI) analyses. First described by Friston et al. (1997) more
than a decade ago, this approach examines task-related
modulations of interregional functional connectivity. An
alternative technique is to examine the modulation of ICNs
by the presence of task demands and compare correlations
within specific ICNs across rest and task conditions (Hampson
et al. 2006; Vincent et al. 2006; Kelly, Uddin, et al. 2008).
Studies employing this approach have, for example, demon-
strated increases in the spatial extent and magnitude of
correlations in the default mode network from rest to a moral
dilemma task condition (Harrison, Pujol, Lo´pez-Sola`, et al.
2008). Given the importance of both resting state and task-
related activity to our understanding of brain function, future
work may build upon these studies and examine the impact
and reliability of various task-based manipulations on functional
connectivity. Similarly, future work may directly examine the
relationship between the magnitude of functional connectivity
between 2 regions at rest, and the magnitude of activity during
task-performance.
Concluding Remarks
In summary, our results represent the first quantitative
evaluation of test--retest reliability of some of the most
commonly used measures of resting state fcMRI. We observed
that reliability ranges from minimal to robust, and identified
several factors that appear to be strongly predictive of high
degrees of stability within individuals across time. These results
provide a foundation for continued examination of resting state
fcMRI in typical and atypical populations. Our findings also
further support the audacious hypothesis that ICNs, which are
readily observed during resting state fMRI studies (as well as
during task-based studies), reflect the fundamental self-orga-
nizing properties of brain.
Supplementary Material
Supplementary material can be found at: http://www.cercor.
oxfordjournals.org/.
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